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 ABSTRACT 
This research investigates the combined effects of tidal restriction and 
Phragmites australis invasion on habitat quality for marsh fauna across a large 
geographic area while evaluating the reversal of those effects through ecological 
restoration. We used meta-analytic tools and published literature to examine 
differences in the quantity, condition, and diversity of fauna in invaded and restored 
marshes relative to uninvaded (reference) marshes in the mid-Atlantic and in New 
England. In addition, we collected data for two projects designed to move beyond the 
collection of community data (e.g., density, richness, as included in the meta-analysis) 
to assess the functional response of nekton to tidal restrictions and habitat restoration.  
We examined community data from 43 published studies that compared faunal 
patterns in P. australis vs. native Spartina alterniflora marshes. Using the log 
response ratio, we found a decrease in the quantity and condition of fauna in invaded 
marshes relative to reference marshes. We detected differences by region, habitat type, 
taxonomic group, and life history stage, with adverse impacts to fauna residing in the 
mid-Atlantic, to those utilizing the marsh surface, for nekton, and particularly for the 
larval/juvenile life history stage. We compared data from restored and reference 
marshes and found no significant differences across all categorical variables, 
suggesting that impacts of the P. australis invasion were reversed through restoration.   
We examined impacts to the functional role of salt marshes by assessing how 
the change in dominant primary producer from native S. alterniflora to introduced P. 
australis affects energy flow through salt marsh food webs. We found that palatable 
dietary items such as suspended particulate matter (SPM, a proxy for phytoplankton) 
 and benthic microalgae (BMA) are important primary producers at the food web base 
in reference marshes for Fundulus heteroclitus, a resident secondary consumer. In 
restricted marshes primary consumers rely on SPM and less on BMA, resulting in a 
shift in diet toward invasive plant consumption. This is likely due to increased shading 
of the marsh surface that decreases BMA biomass, which has also been noted in mid-
Atlantic marshes. Restoration increased the importance of BMA, indicating a shift in 
ecological recovery toward the uninvaded state.  
Using physiological and morphological indicators of fish condition, we found 
that F. heteroclitus in restricted marshes exhibit significant reductions in energy 
reserves, lower proportions of gravid females, and higher incidences of parasitism 
relative to fish in unrestricted salt marshes. Parasitized fish exhibit significant 
reductions in lipid reserves; however, when parasitized individuals were removed 
from the analysis the significant difference between the restricted and reference marsh 
fish remained. Fish in tidally restored marshes were equivalent to those in unrestricted 
marshes, with similar energy reserves, gravidity, and parasite load. Fish in all marshes 
(regardless of restriction status) exhibited similar growth rates and morphology.  
Overall, results indicate that tidal restrictions and subsequent P. australis 
invasion has reduced the quality of habitat for estuarine communities including the 
dominant salt marsh resident, F. heteroclitus. However, our analyses indicate that 
ecological restoration can mitigate these effects over relatively short time scales. 
These findings should be of great interest to restoration practitioners, particularly 
those that are currently making habitat management decisions regarding the 
restoration of coastal salt marshes colonized by common reed.   
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PREFACE 69 
This dissertation is written in manuscript format with four main chapters each 70 
comprising a separate manuscript. The first chapter, Impacts of plant invasions can be 71 
reversed through restoration: A regional meta-analysis of faunal communities, follows 72 
the manuscript formatting requirements of the journal Biological Invasions and is 73 
currently in revision. The second chapter, The importance of an invasive plant in salt 74 
marsh food webs, follows the formatting guidelines of the Journal of Ecology and was 75 
submitted in August 2012. The third chapter, Tidal flushing restores the physiological 76 
condition of fish residing in degraded salt marshes, follows the manuscript formatting 77 
requirements of the journal PLoS ONE and was published in September 2012. The 78 
fourth chapter, Tidal restriction may reduce female fish gravidity in salt marshes, 79 
follows the formatting guidelines of the journal Marine Ecology Progress Series and 80 
is currently in revision. 81 
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CHAPTER 1 
 
Impacts of plant invasions can be reversed through restoration: 
A regional meta-analysis of faunal communities 
by 
Kimberly L. Dibble1; Penelope S. Pooler2; Laura A. Meyerson1,3 
 
is in revision at Biological Invasions 
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Abstract 
We conducted a meta-analysis of empirical evidence on the effects of a widespread 
invasive macrophyte (Phragmites australis) on faunal communities by comparing 
invaded to uninvaded marshes and by evaluating the reversal of those effects through 
ecological restoration. Relative to uninvaded Spartina alterniflora marshes, the 
quantity and condition of fauna residing in invaded marshes was significantly poorer. 
We detected adverse impacts to fauna residing in the mid-Atlantic but not in the New 
England region and to fauna utilizing the marsh surface but not to those inhabiting 
tidal creeks. By taxonomic group, we found that the invasion negatively affected 
nekton but not invertebrates. Both adult and sub-adult organisms were adversely 
affected, although the magnitude of the effect on the sub-adult life history stage was 
four times larger than that for adults. When restored marshes were compared to 
reference marshes, there were no significant differences across all categorical 
variables suggesting that the negative impacts of the invasion were reversed through 
restoration. A separate qualitative review of trophic data indicated that benthic 
microalgae and the dominant macrophyte were important primary producers at the 
base of the food web in reference, restored, and invaded salt marshes. The relative 
importance to diet and overall quantity of microalgae decreases in highly invaded 
systems due to decreased light, which could affect energy flow through the food web. 
Both analyses revealed that while estuarine communities are adversely affected by P. 
australis, long-term effects may be mitigated by restoration over relatively short time 
scales. 
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Keywords: non-native; salt marsh; Phragmites; Spartina; log response ratio; 
bootstrapping.  
 
Introduction 
Several regional and globally focused qualitative reviews and meta-analyses have 
synthesized published data on invasive plant traits, the effectiveness of control 
measures, and impacts to native plant biodiversity (Davidson et al. 2011; Kettenring 
and Reinhardt Adams 2011; Powell et al. 2011). However, few meta-analyses have 
synthesized the impacts of invasive plants on fauna, and those that have provide only a 
global “snapshot” of multiple effects of several invasive plant species on resident 
animal communities (Vilà et al. 2011; Pyšek et al. 2012). We conducted a regional 
meta-analysis using data mined from the literature to quantify the ecological effects of 
a globally common plant, Phragmites australis, on the quantity, condition, and 
diversity of faunal communities residing in invaded habitats along the Atlantic coast 
of North America. We then conducted a second meta-analysis to test whether 
manipulations to remove the invasive plant successfully restored the faunal 
community. Finally, we reviewed available food web data to determine how a change 
in the dominant plant community (from Spartina alterniflora to P. australis) affects 
energy flow to fauna at higher trophic levels. 
 
Phragmites australis is a globally distributed macrophyte that colonizes a wide range 
of environmental conditions, successfully invades new habitats, and has been targeted 
for eradication in North America (Roman et al. 1984; Chambers et al. 1999; 
  4 
Farnsworth and Meyerson 2003). The non-native strain was likely introduced multiple 
times over the last two centuries and has since spread throughout New England, the 
mid-Atlantic, and elsewhere in North America (Saltonstall 2002; Kulmatiski et al. 
2010; Hauber et al. 2011; Lambertini et al. 2012). Introduced P. australis colonizes 
disturbed marshes and is particularly competitive under eutrophic conditions (Roman 
et al. 1984; Meyerson et al. 2000; Mozder and Zieman 2010). 
 
This invader transforms the estuarine landscape by replacing short-statured grasses 
with a dense monoculture of tall reed grass that reduces native plant diversity, light, 
temperature, and nutrient cycling (Meyerson et al. 1999, 2000; Windham and 
Meyerson 2003). Introduced P. australis facilitates marsh accretion via a thick 
aboveground biomass mat of living and slowly decomposing organic matter that traps 
mineral and organic sediment (Rooth et al. 2003). Marsh accretion and structural 
impediments caused by P. australis colonization can reduce bird nesting habitat, limit 
nekton access to intertidal habitats used for feeding, refuge, and reproduction, and 
alter energy flow from herbivores to higher trophic levels in the invaded range (Benoit 
and Askins 1999; Able et al. 2003; Gratton and Denno 2006).  
 
Introduced P. australis continues to expand its range in North America, which lends 
importance to gaining a better understanding of the effects of this invasion. Because 
evidence in the literature is equivocal on the impact to fauna resulting from this 
invasion (Weinstein et al. 2003; Weis and Butler 2009), we asked the following 
questions: a) does the replacement of native plant communities by an invasive plant 
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alter the quantity, condition, or diversity of faunal communities?; b) does the 
magnitude and direction of faunal effects vary geographically, spatially, 
taxonomically, or by life history stage?; and c) can restoration of the native plant 
community reverse the negative effects of invasive plants on fauna?  
 
Methods 
In this paper, we conducted two reviews. First, we used meta-analysis to quantitatively 
synthesize data from 43 publications on faunal quantity, condition, and diversity 
(Online Resource 1, Table 1-A1). Second, to examine the contribution of macrophytes 
to the food web, we qualitatively reviewed 11 published stable isotope studies (Online 
Resource 1, Table 1-A2) that could not be compared quantitatively because naturally 
occurring isotopes of nitrogen and sulfur fluctuate due to local environmental 
conditions and sample methodology (species trophic level, tissue sampled; Fry 2006), 
which differed among studies.  
 
Terminology 
We restricted our meta-analysis to studies that compared faunal impacts within a 
treatment marsh to a control marsh within the same publication. The treatment 
represented effects on fauna due to habitat invasion (by P. australis) or habitat 
restoration (removal of P. australis by tidal/physical/chemical restoration), whereas 
the control was a non-invaded, unrestricted reference system adjacent to or near the 
invaded or restored marshes. Reference marshes were those that would be present if 
the tidal restriction and invasion had not occurred (i.e., Spartina alterniflora, S. 
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patens, Distichlis spicata, Juncus gerardii, etc.). We used data from publications with 
two foci: 1) invasion studies: those that compared fauna in invaded marshes to those in 
reference marshes; and 2) restoration studies: those that compared fauna in restored 
marshes to those in reference marshes. We classified a publication as both an invasion 
and a restoration study if the author presented both pre- and post-restoration data. 
 
Data Selection  
From February to August 2011, we searched electronic databases for germane 
literature using combinations of selection terms (Online Resource 1, Table 1-A3) and 
identified 600+ publications, reports, theses, and dissertations relevant to our topic. 
We screened each by reading the abstract and narrowed the list to 105 publications 
that specifically focused on P. australis invaded marshes in North America. We then 
further narrowed the list to 54 publications (43 meta-analysis, 11 isotope) using the 
following a priori criteria: 1) the study was conducted along the Atlantic coast of 
North America, spanning southern Florida to Nova Scotia (Fig. 1-1, Table 1-1); 2) 
research sites were located in tidally influenced salt marshes (freshwater excluded); 3) 
the study included both a control and treatment marsh located adjacent to or near each 
other that exhibited similar environmental characteristics; and 4) faunal assemblages 
were compared between the control and treatment marshes.  
 
Calculation of Effect Sizes 
We calculated effect sizes using standard meta-analytic procedures (Hedges and Olkin 
1985; Hedges et al. 1999; Online Resource 1, Table 1-A4). We primarily used the 
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unweighted log response ratio, L, which is the natural log of the ratio of the mean 
outcome in the treatment group to that in the control group (Hedges et al. 1999). This 
index provides flexibility in effect size calculation because it does not require 
knowledge of sample sizes and standard deviations, which are not always reported in 
empirical studies (Adams et al. 1997). The following equation was used to calculate 
the natural log of the response ratio:   
L = ln (XT) – ln (XC), 
Where XT is the mean of the within-study treatment variable and XC is the mean of the 
within-study control variable (i.e., the natural log of the mean quantity of fauna in the 
invaded marsh minus the natural log of the mean quantity of fauna in the reference 
marsh). The natural log linearizes the metric and normalizes its sampling distribution. 
Our meta-analysis primarily contains data using this unweighted metric. Unweighted 
metrics are appropriate to use in ecological studies because they quantify the 
proportional change resulting from experimental manipulation and have been used to 
quantify the effects of contaminants, climate change, and other habitat alterations on 
native species and ecological systems (McKinley and Johnston 2010; Sorte et al. 2010; 
Whiteway et al. 2010). Unweighted metrics have also been used to assess the response 
of biological communities to restoration and invasive plant control (Kettenring and 
Reinhardt Adams 2011; Moreno-Mateos et al. 2012).  
 
Of the 43 meta-analysis studies, we extracted unweighted data from 35 invasion 
studies and 23 restoration studies (15 studies overlapped, containing data from 
invaded, restored, and reference sites, i.e., pre- and post-restoration data comparisons). 
  8 
However, since a small subset of the 43 studies contained data on standard deviations 
and sample sizes (n=17 invasion studies, n=11 restoration studies), we parametrically 
weighted the smaller subset of studies using the Hedges’ d effect size metric and 
report the mean overall results from the unweighted (L) and weighted (d) response 
ratios separately for comparison purposes. We calculated Hedges’ d by using the 
means of the treatment and control groups, the pooled standard deviation within each 
study, and a correction factor (Hedges and Olkin 1985): 
Hedges’ d = [(XT – XC) / sp] * J 
J = 1 – [ 3 / 4(nT + nC – 2) – 1)] 
sp = √ [((nT  – 1)sT2  + (nC  – 1)sC2 ) / (nT  + nC  – 2)] 
When calculated, ‘d’ is equal to the within-study mean of the treatment group (XT) 
minus the within-study mean of the control group (XC), divided by the pooled standard 
deviation (sp), multiplied by a correction factor (J). Sample sizes within each treatment 
and control group are nT and nC, respectively, and within-study standard deviations for 
the treatment and control groups are sT and sC.   
 
Data Analysis 
We conducted separate meta-analyses of unweighted effect size data from the invasion 
and restoration studies to discern overall trends of the invasive plant as well as 
outcomes post-restoration. We analyzed effect sizes with the boot package in the R 
statistical software environment (v. 2.14.1; Davison and Hinkley 1997; Canty and 
Ripley 2011). Using the boot and boot.ci functions in the boot package we calculated 
95% bias-corrected bootstrap confidence intervals by resampling the mean effect size 
  9 
datasets. Each confidence interval estimate was based on 10,000 bootstrap samples 
(Adams et al. 1997). Bias-corrected bootstrap techniques were used to correct for 
small sample sizes (Efron 1987; Hesterberg et al. 2005), which occurred in some 
response variable categories. Effect sizes are reported as 95% confidence intervals and 
are graphically represented in forest plots that also show each estimated mean. Mean 
effect sizes within each category were considered significantly different from zero if 
the confidence intervals (CI) did not contain zero. We analyzed data from each of the 
response variables separately (Table 1-2). Descriptions of data used within these 
categories can be found in Online Resource 1, Tables 1-A3 and 1-A4.  
 
Non-Independence of Data and Publication Bias 
Several effect sizes can be calculated from one publication if the author gathered data 
on multiple species, over several years, using multiple gear types, etc., but this can 
result in an overrepresentation of a specific study within a meta-analysis (Gurevitch 
and Hedges 1999). To ensure the data points that we included were independent, we 
calculated the mean effect size within each study for each categorical variable (see 
criteria, Online Resource 1, Table 1-A4) and performed a separate analysis across 
studies on each variable (Gurevitch and Hedges 1999). In addition, we attempted to 
minimize potential bias caused by the tendency of authors to only publish significant 
results by including publications from a range of journals having both low and high 
impact factors and by including publications that reported data on multiple species 
with a range of effects (negative, positive, and neutral; Arnqvist and Wooster 1995; 
Gaertner et al. 2009; Kalies et al. 2010). 
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Results 
Data from all papers included in this analysis were collected from 31 research sites 
spanning Maryland to Maine (Fig. 1-1; Table 1-1). Within the studies conducted in the 
mid-Atlantic region, researchers collected data at 15 sites, but because many study 
sites were shared among authors research was conducted 52 times in these marshes. 
Approximately 50% of the sampling in the mid-Atlantic region (n=26) was conducted 
in Delaware Bay. In New England, 16 sites were visited, with less overlap in sampling 
effort (n=31). In the invasion studies, 41% of authors indicated that P. australis-
invaded marshes were equivalent to uninvaded (reference) habitats for biota, 12% 
suggested the invaded marshes provide better habitat, and 46% reported negative 
effects of the plant on fauna (Fig. 1-2). In the restoration studies, nearly all of the 
authors (83%) concluded that restored marshes were equivalent habitats to reference 
marshes for faunal communities (Fig. 1-2). 
 
Meta-Analysis of Faunal Data 
We extracted 281 effect sizes (unweighted log response ratio, L) from the invasion 
studies and 123 from the restoration studies. However, to avoid the issue of non-
independence of data, we took the means within studies, resulting in 89 invaded effect 
sizes and 74 restored effect sizes in our analysis. Across all invasion studies, the grand 
mean L was -0.624, while the mean for the restoration studies was -0.017. Using 
Hedges’ d, we extracted 27 invaded effect sizes and 31 restored effect sizes, with a 
mean d of -0.654 for the invasion studies and -0.099 for the restoration studies. 
Therefore, the weighted effect size using study-level sample sizes and standard 
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deviations indicates an even greater negative effect of the invasive plant on fauna in 
both invaded and restored habitats. Since we would have had to exclude >50% of our 
data using Hedges’ d, we conducted the meta-analysis using only the unweighted log 
response ratio, which is a conservative yet rigorous approach to analyzing data and 
drawing conclusions (Adams et al. 1997). We refer to the unweighted L as the ‘effect 
size’ for the rest of this paper. 
 
Effects by Faunal Condition, Diversity, and Quantity  
We report results for the biotic response metric (condition, diversity, and quantity of 
organisms) in Figure 1-3. Post-invasion changes in habitat structure negatively 
affected the condition (CI: -1.176, -0.312; n=20) and quantity of fauna (CI: -1.364,      
-0.352; n=46), but not species diversity (CI: -0.365, 0.035; n=23). Faunal patterns 
within restored marshes were equivalent to reference conditions, as measured by 
animal condition (CI: -0.303, 0.009; n=16), species diversity (CI: -0.271, 0.134; 
n=21), and total quantity of fauna (CI: -0.215, 0.344; n=37; Fig. 1-3). 
 
Effects by Geographic Region 
We analyzed effect size by region and found significant negative effects on fauna in 
invaded marshes in the mid-Atlantic (CI: -1.225, -0.502; n=51), but not in New 
England (CI: -0.817, 0.109; n=38; Fig. 1-4). We found no significant difference 
between restored and reference marsh systems in both mid-Atlantic (CI: -0.117, 0.679; 
n=20) and New England (CI: -0.257, 0.069; n=54; Fig. 1-4) salt marshes. Since we 
saw significant effects in the mid-Atlantic region and for multiple metrics, we 
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analyzed the response data by metric and geographic region sampled. Within the mid-
Atlantic, we found significant negative effects of the altered habitat on animal 
condition (CI: -1.500, -0.319; n=14) and faunal quantity (CI: -1.787, -0.598; n=27), 
but not on species diversity (CI: -0.446, 0.005; n=10; Fig. 1-5). In New England, we 
found no effects on species diversity (CI: -0.458, 0.151; n=13) or faunal quantity (CI: 
-1.309, 0.420; n=19). Due to small sample size we could not reliably calculate 
confidence intervals for faunal condition in New England, but the mean effect size 
was -0.422 (n=6). For the restored and reference marsh comparisons, we found no 
significant effect for any breakdown, mirroring the larger analysis by region and 
metric (CI: condition/New England: -0.284, 0.023; n=12; diversity/New England:        
-0.321, 0.179; n=17; quantity/New England: -0.425, 0.172; n=25; quantity/mid-
Atlantic: -0.097, 1.097; n=12). Due to small sample sizes, we could not calculate 
confidence intervals for the condition/mid-Atlantic or diversity/mid-Atlantic 
categories, but mean effect sizes were -0.153 (n=4) and -0.058 (n=4), respectively 
(Fig. 1-5). 
 
Effects by Taxon and Life History Stage 
We quantified effects by taxonomic group and by life history stage and found 
significant negative effects of the invaded habitat on nekton (fish and swimming 
crustaceans; CI: -1.017, -0.305; n=62) but not invertebrates (marsh surface fauna, 
benthic infauna; CI: -0.758, 0.072; n=22; Fig. 1-6). We did not have sufficient data to 
statistically analyze birds in invaded wetlands, but the mean effect size (-1.870; n=5) 
was relatively large and in the negative direction. Both adult (CI: -0.652, -0.132; 
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n=75) and sub-adult (CI: -2.840, -1.054; n=14) life history stages were negatively 
affected in the invaded habitat (Fig. 1-6). When we compared restored and reference 
marsh biota, we again found no significant difference between systems for nekton (CI: 
-0.136, 0.201; n=65) or for the adult life history stage (CI: -0.202, 0.104; n=67). Due 
to small sample size in the restored marshes, we could not calculate confidence 
intervals for invertebrates, birds, or for the sub-adult life history stage, but mean effect 
sizes (0.050; n=3), (-0.375; n=6), and (0.335; n=7), respectively, are clustered around 
the neutral/low effect zone (Fig. 1-6). 
 
Effects by Marsh Habitat and System Type 
We analyzed data by marsh habitat (marsh surface, tidal creek) and system type (i.e., 
invasion of an open system or behind a tidal restriction) and found that fauna using the 
marsh surface in invaded marshes were negatively affected (CI: -1.119, -0.464; n=66), 
whereas those sampled in tidal creeks were unaffected (CI: -0.805, 0.393; n=23; Fig. 
1-7). Fauna in invaded marshes open to tidal flow were negatively affected (CI:           
-1.008, -0.436; n=71), whereas those residing in tidally restricted marshes were 
comparable to those in reference areas (CI: -1.202, 0.489; n=18). We found no 
significant difference between restored and reference marsh fauna using the marsh 
surface (CI: -0.165, 0.235; n=40), tidal creeks (CI: -0.272, 0.213; n=34), sites open to 
tidal flow (CI: -0.171, 0.537; n=23), and sites where tidal flow was re-established 
under a road/culvert restriction (CI: -0.244, 0.091; n=51; Fig. 1-7).   
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Effects by Restoration Type 
Last, we analyzed effect size for the restoration studies to determine whether the type 
of restoration (i.e., increased tidal flushing or chemical/physical/mechanical removal) 
was important in the determination of restoration success. We found no significant 
difference in faunal abundance patterns between restored and reference systems that 
were subjected to hydrologic (CI: -0.255, 0.078; n=52) or conventional (CI: -0.131, 
0.624; n=22) restoration techniques (Fig. 1-8). 
 
Discussion 
Linkages within Salt Marshes: A Landscape Level Perspective 
Prey Base and Trophic Support 
This study is the first to comprehensively assess of the impact of the P. australis plant 
invasion on salt marsh fauna across a wide geographic range in North America. The 
Atlantic coast salt marsh landscape is intricately linked, with energy flowing from 
primary producers via invertebrates to nekton and birds (Peterson 1999; Brittain et al. 
2012). Benthic microalgae represent an important food source for invertebrate prey at 
the base of the food web, likely due to its high palatability in comparison to vascular 
plants (Deegan and Garritt 1997; Currin et al. 2003). The quantity of benthic 
microalgae available for trophic support can be diminished in highly invaded P. 
australis marshes due to enhanced shading of the marsh surface, which could affect 
energy flow from the prey base to upper trophic levels (see review in Online Resource 
1, Table 1-A2).  
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Consumption of invertebrate prey dominates the diets of higher trophic level 
organisms in salt marsh ecosystems (James-Pirri et al. 2001; Brittain et al. 2012). 
Gratton and Denno (2005) investigated post-invasion changes in invertebrate prey 
base and found evidence that arthropod community assemblages shifted from those 
dominated by external free-living specialists (e.g., spiders, predators, free-living 
chewers) in natural marshes to concealed detritivorous chewers in introduced P. 
australis. Stable isotope data confirmed a shift in trophic support, as arthropods in 
reference marshes consumed Spartina spp. and those in P. australis relied on detrital 
or algal food sources and not the dominant macrophyte (Gratton and Denno 2006). 
This represents both a loss of nutrient export off the marsh surface and a shift toward 
concealed invertebrate communities that may be less accessible to consumers. 
 
Our meta-analysis did not detect overall negative effects of the plant invader on 
invertebrates but this may be due to methods used to ensure the non-independence of 
our data. By taking the mean abundance of species within each taxonomic group in the 
invaded vs. reference marshes, we lost information on shifts in diversity patterns at the 
species/class level. We compared invertebrate class data within each meta-analysis 
study and found higher overall abundances of invertebrate prey in reference marshes 
for seven of the twelve prey groups (Table 1-3). In contrast, only two prey groups had 
higher overall abundances in P. australis, while the remaining three groups were 
neutral. The diet of the dominant salt marsh resident, Fundulus heteroclitus, consists 
primarily of nematoda, ostracoda, tanaidacea, insecta, amphipoda, copepoda, 
gastropoda, and polychaeta (reviewed in James-Pirri et al. 2001), the majority of 
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which are likely to be found in higher abundances in Spartina spp. than P. australis 
marshes (Table 1-3). Therefore, fish are more likely to find larger quantities of 
preferred prey items in reference marshes, which could affect the condition and 
quantity of nekton and higher trophic levels (birds). 
 
Animal Condition and Quantity 
Nekton assemblages largely drove our analysis of animal condition and quantity due 
to the disproportionate number of studies conducted on nekton rather than invertebrate 
or bird taxa (125 total data points on nekton, 25 for invertebrates, 11 for birds; Fig. 1-
6). For nekton, the marsh surface is an essential habitat needed for foraging, refuge, 
and reproduction (Weisberg and Lotrich 1982; Able and Hagan 2000, 2003), with 
densities on the marsh surface increasing with flood duration (Minello et al. 2012). 
Marsh surface changes associated with introduced P. australis (i.e., high 
above/belowground biomass and increased sedimentation rates resulting in marsh 
surface accretion) can significantly reduce flooding by 52% as well as decrease the 
depth and duration of water coverage, in turn restricting nekton access to the marsh 
surface (Osgood et al. 2003). In late invasion stages, accretion can raise the marsh 
surface above the elevation of the highest high tides eventually transforming the marsh 
into terrestrial habitat (Weis and Butler 2009). Our analysis of effect sizes revealed 
negative impacts of the invasive plant on the quantity, condition, and diversity of 
fauna using the marsh surface but not on those residing in tidal creeks, indicating that 
access to or the quality of the habitat has been compromised. In addition, our finding 
that fauna are negatively affected in open systems rather than tidally restricted 
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marshes (Fig. 1-7) suggests that it is more likely that the invasive plant (rather than 
altered hydrologic flow) is the cause for negative effects seen in this particular 
analysis. 
 
We detected disproportionate negative effects on larval and juvenile nekton. 
Phragmites australis fills in small marsh pools and water-filled depressions on the 
marsh surface (Windham and Lathrop 1999), thereby reducing nursery habitat and 
flushing larval fish into the main tidal creek where they may be exposed to predators 
(Able and Hagan 2003; Raichel et al. 2003). Reductions in flooding frequency and 
depth have been correlated with decreases in catch per unit effort for juvenile fish as 
the invasion progresses, from 51.6 fish in reference marshes to 2.4 in the late invasion 
stage (Hunter et al. 2006). Not only are juvenile fish more abundant in reference 
marshes (1,440 vs. 29), but the abundance of available invertebrate prey is higher 
(Raichel et al. 2003), suggesting that introduced P. australis may affect both the 
survival and recruitment of juvenile fish (Able and Hagan 2003; Osgood et al. 2003). 
Furthermore, the proportion of gravid F. heteroclitus residing in P. australis marshes 
is significantly reduced relative to non-invaded marshes (K.L. Dibble, unpublished 
data). This suggests that the combined long-term effects of reduced spawning, reduced 
recruitment, and reduced larval/juvenile survival in tidal creeks on fish populations 
may yet be realized. 
 
Nekton often move onto the marsh surface on flood tide with empty guts and leave on 
ebb tide with full guts (Kneib 1986; Fell et al. 1998). Reduced access to prey 
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inhabiting the marsh surface can decrease weight gain and the growth rate of resident 
fish in comparison to those only having access to the creek bed (Weisberg and Lotrich 
1982), which can result in trade-offs to energy storage, growth, and reproduction that 
ultimately influences survival (Post and Parkinson 2001; Jorgensen et al. 2006). We 
detected differences in the overall condition of fauna inhabiting invaded marshes, 
which supports our marsh surface results. Reduced access can decrease foraging and 
expose fish to predators in the tidal creek system, in turn increasing energy 
expenditure, decreasing growth rate, and suppressing reproduction (Weisberg and 
Lotrich 1982; Fraser and Gilliam 1992; Brown et al. 2005). 
 
Our sample size for the bird taxa was low due to lack of published studies that 
specifically compared P. australis to Spartina spp. However, even with a small sample 
size, our results generally indicate negative impacts on the quantity and diversity of 
birds utilizing the marsh surface in P. australis. This is likely due to the relationship 
between bird species richness and presence and extent of open marsh pools used for 
foraging (Benoit and Askins 1999; Trocki and Patton 2006), which are reduced in P. 
australis and less accessible due to the tall stature of the invasive plant (Windham and 
Lathrop 1999; Able et al. 2003). In addition, free-living herbivores and plant hoppers 
are reduced in P. australis in favor of concealed detritivores (Gratton and Denno 
2005), which could affect the distribution and abundance of birds that consume insect 
prey. Further, marsh specialists adapted to nesting in short-statured graminoids, such 
as the seaside sparrow, saltmarsh sharp-tailed sparrow, and willet, can lose nesting 
habitat post-invasion (Benoit and Askins 1999). However, P. australis does not 
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eliminate habitat for all bird species. Marsh generalists such as the red-winged 
blackbird are abundant in P. australis and the glossy ibis has been reported to nest in 
P. australis in comparison to upland habitats (Parsons 2003; Kiviat 2006; Barrett and 
Mcbrien 2007; Wells et al. 2008).  
 
Geographic Expansion and Future Effects on Biota 
We detected overall negative effects of the invasive plant on animal communities 
within the mid-Atlantic, but not in the New England region (Fig. 1-4), which is 
possibly related to plant cover and invasion stage. Kneib (2003) studied nekton 
production (via bioenergetic linkages) in relation to the availability of marsh/creek 
edge and found significant decreases at sites with little creek edge (as would be the 
case in highly invaded systems), with the highest production at sites where fish reside 
within 200 meters of marsh fringe. Although regional estimates of introduced P. 
australis cover and existing marsh fringe are not available for the mid-Atlantic and 
New England, several lines of evidence suggest that sites studied in the mid-Atlantic 
were in the later invasion stages, which as discussed earlier, correlates with increased 
faunal impact. The exact origin and timing of the plants introduction has not been 
definitively established; however, Burk (1877) documented a 2-3 year old stand of 
morphologically distinct P. australis growing on ballast in Philadelphia, PA while 
molecular analysis of an herbarium accession (J.C. Martindale, US-908070) revealed 
that a stand growing in Camden, NJ in 1877 was of non-native origin (Saltonstall 
2002; Meadows and Saltonstall 2007). The authors in our meta-analysis intensely 
studied highly invaded sites located in Delaware Bay (Fig. 1-1, Table 1-1), a water 
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body that culminates upstream at the cities of Philadelphia and neighboring Camden, 
NJ. Therefore, the negative effects seen in our meta-analysis for the mid-Atlantic 
region could possibly be due to invasion longevity, since stands of introduced P. 
australis date back to at least the 1870’s in that watershed.  
 
Reduced salinity (<18ppt) is one factor that contributes to the spread of P. australis 
(Chambers et al. 1999). A greater proportion of authors from the mid-Atlantic reported 
salinities at study sites in the oligohaline to mesohaline zone (0.3-16.0 ppt), while 
those in New England largely fell in the higher mesohaline to polyhaline zone. The 
expansion rate of introduced P. australis in oligohaline marshes is twofold (2.73-
2.92% yr-1) than that in higher salinity marshes (1.07-1.10% yr-1; Warren et al. 2001), 
so conditions in the mid-Atlantic may have contributed to P. australis expansion. 
Although the plant is highly plastic and can grow in polyhaline conditions (Vasquez et 
al. 2005), higher salinity at sites in New England could have maintained fringing salt 
marsh edge and hence nekton support (Kneib 2003), potentially explaining the non-
significance seen in the northern region.  
 
Restoration Potential  
Salt marsh restoration dating back to at least the 1980’s has shown rapid recovery of 
faunal communities on a decadal time scale (Roman et al. 1984; Warren et al. 2002). 
Across all categorical variables, this analysis has shown that restoration efforts have 
successfully converted physically and biologically altered habitat to that seen in 
uninvaded reference marshes. Restoration success (as measured by the quantity, 
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diversity, and condition of fauna) has been realized regardless of the type of 
restoration used (tidal hydrology or manual/physical/chemical removal). In some 
cases, restored habitats even conferred slightly better conditions for invertebrates and 
nekton on the marsh surface as indicated by positive, although non-significant, effect 
sizes not seen in any of the invaded comparisons (Figs. 1-3 through 1-7).  
 
Our results agree with recent global meta-analyses on the effectiveness of restoration 
actions to increase biodiversity and ecosystem function in degraded systems (Rey 
Benayas et al. 2009; Moreno-Mateos et al. 2012). Using a range of ecosystem types, 
Rey Benayas et al. (2009) found that biodiversity (as measured by species abundance, 
growth, biomass, richness, and diversity) increased by 44% post-restoration. Although 
the restored systems were not equivalent to their reference state, log response ratios 
for the restored sites reached 86% of those in reference areas. Moreno-Mateos et al. 
(2012) specifically evaluated global wetland restoration success for fauna within salt 
marshes, depressional/lacustrine wetlands, peatlands, floodplains, and mangroves. 
They found that wetland vertebrate and macroinvertebrate communities were restored 
within 5-10 years and that, overall, wetlands that are hydrologically connected to 
others recovered more rapidly due to exchange of animals with reference marshes. 
Hydrologic restoration has been shown to increase the abundance of shorebirds by 
1400% in the first year of restoration and by 1000% in the second year (Raposa 2008), 
as well as increase the abundance and diversity of marsh specialists, shorebirds, 
waterfowl, and long-legged wading birds over time (Brawley et al. 1998; Rochlin et 
al. 2012). Our collective results show that impacts in altered wetlands are reversible 
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and ecological function can be restored quickly for fauna using our current set of 
restoration tools. These findings should be of great interest to restoration practitioners, 
particularly those that are currently making habitat management decisions regarding 
the control of this plant invader.  
 
Concluding Remarks 
Our results indicate that introduced P. australis has negatively affected faunal 
communities in the North American invaded range and that those effects vary 
geographically, taxonomically, by life history stage, and by marsh habitat type. 
However, adverse effects can be reversed relatively quickly for sites that maintain a 
hydrologic connection to reference marshes. Phragmites australis continues to spread 
into the south and Gulf coasts, with impacts to salt marshes and wetlands likely to be 
similar to those invaded in northern regions. The south Atlantic and Gulf of Mexico 
both have large expanses of brackish and salt marsh potentially available for 
colonization (362,000 and 1,000,000 ha, respectively; Fields et al. 1991 in Chambers 
et al. 1999). The south Atlantic is on the leading edge of the invasion, with the plant 
colonizing approximately 14.6% of the Maryland shoreline but only 2.0% of the 
Virginia shoreline in the Chesapeake Bay (Chambers et al. 2008). The Gulf coast 
represents a confluence or ‘hot spot’ of five distinct P. australis lineages co-existing, 
expanding, and (in some cases) hybridizing, with the potential creation of an even 
more aggressive strain of P. australis that could affect fauna as it colonizes new 
habitats and expands westward (Meyerson et al. 2010, in press; Lambertini et al. 
2012). This is an ongoing invasion and therefore our results from the mid and northern 
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regions of the Atlantic may have salience elsewhere. Although P. australis may 
ultimately provide benefits to fauna via marsh accretion that keeps pace with sea level 
rise, current reductions in habitat value as evidenced by this study combined with the 
loss of plant biodiversity warrant action to manage the invasion before fauna and 
trophic support functions are diminished. 
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TABLES: CHAPTER 1 
 
Table 1-1.  Legend for geographic map (Fig. 1-1). 
MID-ATLANTIC 
# STUDIES IN 
SYSTEM 
MAP 
ID 
Monie Creek, MD  2 1 
Grasonville Creeks, MD  3 2 
Mill Creek, NJ  1 3 
Mad Horse Creek, NJ  5 4 
Alloway Creek, NJ  13 5 
Blackbird Creek, DE 1 6 
Browns Run, NJ  1 7 
Sea Breeze, NJ  1 8 
West Creek, NJ  2 9 
Dennis Creek, NJ  2 10 
Hog Islands, NJ  5 11 
Horseshoe Cove, NY  2 12 
Hackensack Meadowlands, NJ  8 13 
Piermont Marsh, NY  2 14 
Accabonac Harbor, NY  4 16 
Mid-Atlantic Sampling Effort 52  (26 in Delaware Bay)   
NEW ENGLAND 
# STUDIES IN 
SYSTEM 
MAP 
ID 
Charles Wheeler Marsh, CT  1 15 
Back and Lieutenant Rivers, CT  3 17 
Barn Island, CT  4 18 
Galilee, RI  2 19 
Sachuest Point, RI  4 20 
Potter Pond, Prudence Island, RI  1 21 
Herring River, MA  1 22 
Hatches Harbor, MA  3 23 
Argilla Marsh, MA  1 24 
Bass Beach, NH  1 25 
Parsons Creek, NH  1 26 
Awcomin Marsh, NH 2 27 
Great Bay Marshes, NH  2 28 
Little River, NH  1 29 
Browns River Marsh, NH  1 30 
Drakes Island, ME   3 31 
New England Sampling Effort 31   
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Table 1-2.  Response variables included in the invaded and restored meta-analyses. 
Response Variable Categories 
Metric  Quantity 
Condition 
Diversity 
Geographic region  Mid-Atlantic 
New England 
Geographic region/metric  Mid-Atlantic: quantity 
Mid-Atlantic: condition 
Mid-Atlantic: diversity 
New England: quantity 
New England: condition 
New England: diversity 
Taxon  Nekton  
Bird 
Invertebrate  
Life history stage Sub-adult  
Adult 
Habitat sampled Tidal creek 
Marsh surface 
Tidal/hydrologic regime Open 
Restricted 
Restoration type* Hydrologic 
Conventional 
 * Restored meta-analysis only. 
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Table 1-3.  Number of studies in which the invertebrate prey exhibited higher raw 
abundances in Spartina spp. or P. australis habitat (e.g., 5 studies quantified a higher 
raw abundance of oligochaeta in Spartina spp., whereas 1 study quantified a higher 
abundance of the prey in introduced P. australis). See Online Resource 1, Table 1-A1 
for Study Identifiers in Parentheses. 
Invertebrate Prey Spartina spp. P. australis 
Polychaeta 3  (26, 28, 43) 3  (5, 27, 36) 
Oligochaeta 5  (5, 26, 27, 28, 36) 1  (43) 
Nemertea 1  (36) 1  (5) 
Nematoda 2  (28, 43) 1  (5) 
Gastropoda 3  (5, 27, 36) 3  (12, 26, 28) 
Ostracoda 2  (5, 28) 0 
Arachnida 4  (5, 13, 27, 36) 3  (26, 28, 43) 
Tanaidacea 2  (5, 27)  0 
Insecta 5  (5, 13, 27, 28, 36) 2  (26, 43) 
Copepoda 1  (28) 2  (5, 43) 
Amphipoda 5  (12, 13, 26, 27, 43) 3  (5, 28, 36) 
Isopoda 2  (5, 27) 5  (12, 26, 28, 36, 43)  
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FIGURES: CHAPTER 1 
Figure 1-1.  Geographic locations of authors’ study sites (see Table 1-1 for location 
identifiers). Map: Dr. Peter August, University of Rhode Island, Environmental Data 
Center. 
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Figure 1-2.  Number of studies in the literature concluding that introduced P. australis 
has negative, positive, or no effect (neutral) on habitat quality for salt marsh biota at 
invaded and restored sites. Number of studies are at the end of the bar graph segments. 
Note:  some studies were counted more than once if the author presented mixed results 
(i.e., better habitat for one taxon or life history stage but not for another; Online 
Resource 1, Table 1-A1 study #’s: 1, 21, 26, 32, 42).  
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Figure 1-3.  Results of meta-analysis by the ‘metric’ categorical variable. Mean effect 
sizes are black circles; negative effect sizes indicate fauna is negatively affected in 
introduced P. australis marshes in comparison to those residing in nearby reference 
Spartina spp. marshes. Zero is neutral, meaning no difference in faunal patterns. 
Horizontal lines are 95% bias-corrected bootstrap confidence intervals. Intervals 
overlapping zero are not significant. Sample sizes for each category are in parentheses.   
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Figure 1-4.  Regional differences in effect size on fauna residing in restored and 
invaded systems.  
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Figure 1-5.  Regional differences by response metric in invaded and restored wetlands. 
Black circles without confidence intervals are mean effect sizes only and indicate we 
could not reliably calculate confidence limits due to small sample size. However, 
means are in plot to show relationship between all effect sizes for the restored and 
invasion studies. 
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Figure 1-6.  Meta-analysis results by taxon and life history stage. Black circles without 
confidence intervals are mean effect sizes only due to small sample size.   
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Figure 1-7.  Meta-analysis results by marsh habitat and system type. 
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Figure 1-8.  Differences in faunal patterns in hydrologically vs. conventionally 
restored sites. 
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APPENDIX: CHAPTER 1 (“Online Resource 1”) 
Table 1-A1.  Studies included in the meta-analysis. 
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Table 1-A1, cont. 
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re
ek
 (D
el
aw
ar
e 
B
ay
) 
M
D
:  
C
he
sa
pe
ak
e 
B
ay
 E
nv
iro
nm
en
ta
l 
C
en
te
r (
G
ra
so
nv
ill
e)
 
N
H
 a
nd
 M
A
 C
oa
st
al
 M
ar
sh
es
:  
B
os
to
n 
H
ar
bo
r t
o 
so
ut
he
rn
 N
ew
 H
am
ps
hi
re
  
N
J:
  H
og
 Is
la
nd
s (
M
ul
lic
a 
R
iv
er
) 
D
E:
  B
la
ck
bi
rd
 C
re
ek
 (D
el
aw
ar
e 
B
ay
) 
M
D
:  
M
on
ie
 C
re
ek
 (C
he
sa
pe
ak
e 
B
ay
) 
N
E 
N
E 
M
id
 
M
id
 
M
id
 
M
id
 
M
id
 
N
E 
M
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Q
 
C
, D
, Q
 
D
, Q
 
D
, Q
 
Q
 
C
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C
 
D
 
C
, Q
 
N
 
I, 
N
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R
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t e
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G
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tto
n 
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d 
D
en
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00
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G
ro
th
ue
s a
nd
 A
bl
e 
20
03
a 
G
ro
th
ue
s a
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e 
20
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H
ag
an
 e
t a
l. 
20
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H
en
dr
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00
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un
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r e
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Table 1-A1, cont. 
R
I: 
 S
ac
hu
es
t P
oi
nt
 (M
id
dl
et
ow
n)
 
N
J:
  A
llo
w
ay
 C
re
ek
 (D
el
aw
ar
e 
B
ay
) 
N
J:
  A
llo
w
ay
 C
re
ek
 (D
el
aw
ar
e 
B
ay
) 
N
J:
  A
llo
w
ay
 C
re
ek
 (D
el
aw
ar
e 
B
ay
) 
N
J:
  S
aw
 M
ill
 C
re
ek
 (H
ac
ke
ns
ac
k 
M
ea
do
w
la
nd
s)
 
M
D
:  
Pi
ne
y 
C
re
ek
 (C
he
sa
pe
ak
e 
B
ay
) 
M
D
:  
M
ar
sh
y 
C
re
ek
 (C
he
sa
pe
ak
e 
B
ay
) 
M
D
:  
M
ud
dy
 C
re
ek
 (C
he
sa
pe
ak
e 
B
ay
) 
C
T:
  C
ha
rle
s W
he
el
er
 S
al
t M
ar
sh
 
(H
ou
sa
to
ni
c 
R
iv
er
 E
st
ua
ry
) 
M
D
:  
M
ar
sh
y 
C
re
ek
 (C
he
sa
pe
ak
e 
B
ay
) 
M
D
:  
M
ud
dy
 C
re
ek
 (C
he
sa
pe
ak
e 
B
ay
 
N
J:
  M
ill
 C
re
ek
 (H
ac
ke
ns
ac
k 
M
ea
do
w
la
nd
s)
 
R
I: 
 G
al
ile
e 
Sa
lt 
M
ar
sh
 (P
t. 
Ju
di
th
) 
R
I: 
 P
ot
te
r P
on
d 
(P
ru
de
nc
e 
Is
la
nd
) 
M
A
:  
H
at
ch
es
 H
ar
bo
r (
Pr
ov
in
ce
to
w
n)
 
N
E 
M
id
 
M
id
 
M
id
 
M
id
 
M
id
 
N
E 
M
id
 
M
id
 
N
E 
N
E 
N
E 
C
 
Q
 
Q
 
Q
 
Q
 
C
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D
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Q
 
D
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D
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D
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D
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N
 
N
 
N
 
N
 I N
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N
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N
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R
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R
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I, 
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m
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K
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A
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20
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K
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ll 
et
 a
l. 
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M
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la
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M
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t a
l. 
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O
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oo
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l. 
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03
 
R
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ch
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t a
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R
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os
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R
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Table 1-A1, cont. 
M
A
:  
H
at
ch
es
 H
ar
bo
r (
Pr
ov
in
ce
to
w
n)
 
R
I: 
 S
ac
hu
es
t P
oi
nt
 (M
id
dl
et
ow
n)
 
R
I: 
 G
al
ile
e 
Sa
lt 
M
ar
sh
 (P
t. 
Ju
di
th
) 
N
Y
:  
A
cc
ab
on
ac
 H
ar
bo
r (
Ea
st
 H
am
pt
on
) 
N
J:
  S
aw
 M
ill
 C
re
ek
 (H
ac
ke
ns
ac
k 
M
ea
do
w
la
nd
s)
 
N
J:
  J
er
se
y 
C
ity
 A
qu
ed
uc
t (
H
ac
ke
ns
ac
k 
M
ea
do
w
la
nd
s)
 
La
bo
ra
to
ry
 E
xp
er
im
en
t  
 
N
Y
:  
A
cc
ab
on
ac
 H
ar
bo
r (
Ea
st
 H
am
pt
on
; 
co
lle
ct
ed
 sh
rim
p)
 
N
J:
 Je
rs
ey
 C
ity
 A
qu
ed
uc
t (
H
ac
ke
ns
ac
k 
M
ea
do
w
la
nd
s;
 c
ol
le
ct
ed
 st
em
s a
nd
 sh
rim
p)
 
R
I: 
 S
ac
hu
es
t P
oi
nt
 (M
id
dl
et
ow
n)
 
C
T:
  B
ac
k 
R
iv
er
 (O
ld
 L
ym
e)
 
C
T:
  L
ie
ut
en
an
t R
iv
er
 (O
ld
 L
ym
e)
 
C
T:
  B
ac
k 
R
iv
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 (O
ld
 L
ym
e)
 
C
T:
  L
ie
ut
en
an
t R
iv
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 (O
ld
 L
ym
e)
 
C
T:
  B
ar
n 
Is
la
nd
 W
ild
lif
e 
M
an
ag
em
en
t A
re
a 
(S
to
ni
ng
to
n)
 
N
Y
:  
H
or
se
sh
oe
 C
ov
e 
(H
ud
so
n 
R
iv
er
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tu
ar
y)
 
N
Y
: P
ie
rm
on
t M
ar
sh
 (H
ud
so
n 
R
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ar
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N
E 
M
id
 
M
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N
E 
N
E 
N
E 
N
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D
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C
 
D
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C
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C
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N
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R
ap
os
a 
an
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R
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R
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R
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R
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W
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01
 
W
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n 
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W
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Table 1-A1, cont. 
La
bo
ra
to
ry
 E
xp
er
im
en
t 
N
Y
:  
A
cc
ab
on
ac
 H
ar
bo
r (
Ea
st
 H
am
pt
on
; 
sh
rim
p,
 c
ra
bs
, f
is
h 
co
lle
ct
ed
) 
N
J:
  H
ac
ke
ns
ac
k 
M
ea
do
w
la
nd
s (
pl
an
ts
 
co
lle
ct
ed
) 
La
bo
ra
to
ry
 E
xp
er
im
en
t  
 
N
Y
:  
A
cc
ab
on
ac
 H
ar
bo
r (
Ea
st
 H
am
pt
on
; 
sh
rim
p,
 c
ra
bs
, p
la
nt
s c
ol
le
ct
ed
) 
N
J:
  S
aw
 M
ill
 C
re
ek
 (H
ac
ke
ns
ac
k 
M
ea
do
w
la
nd
s)
 
N
J:
  S
aw
 M
ill
 C
re
ek
 (H
ac
ke
ns
ac
k 
M
ea
do
w
la
nd
s)
 
M
id
 
M
id
 
M
id
 
M
id
 
Q
 
C
 
C
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, Q
 
D
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N
 
N
 
N
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R
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W
ei
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00
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W
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W
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5 
Y
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K
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M
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=b
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C
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Table 1-A2.  Stable isotope studies reviewed, with their primary conclusion. 
C
on
cl
us
io
ns
 o
r R
es
ul
ts
 
R
ib
be
d 
m
us
se
ls
 c
an
 a
ss
im
ila
te
 d
is
so
lv
ed
 
or
ga
ni
c 
ca
rb
on
 fr
om
 b
ot
h 
Pa
 a
nd
 S
a.
 
M
um
m
ic
ho
gs
 in
 re
fe
re
nc
e 
m
ar
sh
es
 re
ly
 o
n 
B
M
A
 a
nd
 S
a;
 th
os
e 
in
 in
va
de
d 
m
ar
sh
es
 u
se
 
Pa
 a
nd
 S
PM
, w
ith
 le
ss
 re
lia
nc
e 
on
 B
M
A
 d
ue
 
to
 sh
ad
in
g.
 F
is
h 
in
 re
st
or
ed
 m
ar
sh
es
 re
ly
 o
n 
a 
co
m
bi
na
tio
n 
of
 B
M
A
, S
PM
, S
a,
 a
nd
 P
a.
 
A
rth
ro
po
ds
 in
 re
fe
re
nc
e 
m
ar
sh
es
 re
ly
 o
n 
Sa
; 
th
os
e 
in
 P
a 
re
ly
 o
n 
B
M
A
 o
r d
et
rit
al
 fo
od
 
so
ur
ce
s a
nd
 n
ot
 th
e 
do
m
in
an
t m
ac
ro
ph
yt
e.
  
R
es
to
ra
tio
n 
re
tu
rn
s s
pe
ci
es
 a
ss
em
bl
ag
es
 a
nd
 
tro
ph
ic
 in
te
ra
ct
io
ns
 b
ac
k 
to
 th
e 
re
fe
re
nc
e 
st
at
e.
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ve
ni
le
 w
ea
kf
is
h 
(<
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m
m
) i
n 
re
fe
re
nc
e 
m
ar
sh
es
 a
nd
 o
pe
n 
w
at
er
s d
er
iv
e 
m
os
t o
f 
th
ei
r n
ut
rit
io
n 
fr
om
 S
a 
an
d 
SP
M
, w
he
re
as
 
th
os
e 
in
 in
va
de
d 
w
et
la
nd
s r
el
y 
on
 S
PM
 w
ith
 
a 
co
nt
rib
ut
io
n 
fr
om
 P
a.
 S
PM
 is
 im
po
rta
nt
 
fo
r p
el
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 sp
ec
ie
s (
w
ea
kf
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B
M
A
 a
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 m
ac
ro
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yt
es
 a
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rta
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r 
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m
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m
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m
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B
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N
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aw
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B
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N
J:
  H
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R
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N
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 C
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B
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N
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w
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 C
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ek
 
(D
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e 
B
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N
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 C
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ar
e 
B
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N
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el
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e 
B
ay
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R
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n 
M
id
 
M
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M
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M
id
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xo
n 
In
ve
rte
br
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e 
(G
eu
ke
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m
is
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) 
Fi
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(F
un
du
lu
s 
he
te
ro
cl
itu
s)
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ve
rte
br
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e 
(A
rth
ro
po
da
) 
Fi
sh
 
(C
yn
os
ci
on
 
re
ga
lis
, 
An
ch
oa
 
m
itc
hi
lli
, 
M
or
on
e 
Am
er
ic
an
a)
 
Y
ea
r(
s)
 
of
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at
a 
1 
(2
00
1)
 
2 
(1
99
8-
19
99
) 
1 
(2
00
1)
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(1
99
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19
99
) 
R
ef
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B
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w
-
N
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to
n 
et
 a
l. 
20
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C
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rin
 e
t a
l. 
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G
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D
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00
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in
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nd
 
W
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te
in
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Table 1-A2, cont. 
Ju
ve
ni
le
 w
ea
kf
is
h 
(>
60
m
m
) i
n 
re
fe
re
nc
e 
m
ar
sh
es
 o
bt
ai
n 
nu
tri
en
ts
 fr
om
 S
a,
 S
PM
, 
B
M
A
; t
ho
se
 in
 in
va
de
d 
m
ar
sh
es
 re
ly
 o
n 
Pa
, S
PM
, a
nd
 B
M
A
. 
M
ar
sh
 c
on
su
m
er
s i
n 
th
e 
C
he
sa
pe
ak
e 
B
ay
 
re
ly
 m
or
e 
on
 C
3 
pl
an
ts
 (s
uc
h 
as
 P
a)
 th
an
 
on
 C
4 
pl
an
ts
 (S
a)
. T
he
y 
al
so
 re
ly
 o
n 
B
M
A
 a
nd
 S
PM
. 
M
um
m
ic
ho
gs
 in
 re
fe
re
nc
e 
m
ar
sh
es
 re
ly
 
on
 S
a 
pr
od
uc
tio
n;
 th
os
e 
in
 in
va
de
d 
ha
bi
ta
ts
 re
ly
 o
n 
Pa
; b
ot
h 
re
ly
 o
n 
B
M
A
, 
w
ith
 sm
al
l c
on
tri
bu
tio
ns
 fr
om
 S
PM
. 
C
on
tri
bu
tio
ns
 o
f p
rim
ar
y 
pr
od
uc
er
s 
de
pe
nd
 o
n 
th
e 
re
la
tiv
e 
ab
un
da
nc
e 
of
 
m
ac
ro
ph
yt
es
. 
W
hi
te
 p
er
ch
 in
 re
fe
re
nc
e 
an
d 
re
st
or
ed
 
m
ar
sh
es
 re
ly
 o
n 
Sa
 a
nd
 B
M
A
; t
ho
se
 a
t 
in
va
de
d 
si
te
s r
el
y 
on
 P
a 
an
d 
B
M
A
. 
Ph
yt
op
la
nk
to
n 
is
 n
ot
 a
s i
m
po
rta
nt
 in
 th
e 
fo
od
 w
eb
 th
an
 th
e 
do
m
in
an
t p
rim
ar
y 
pr
od
uc
er
s a
nd
 B
M
A
. 
N
J:
  A
llo
w
ay
 C
re
ek
 (D
el
aw
ar
e 
B
ay
) 
N
J:
  M
ad
 H
or
se
 C
re
ek
 (D
el
aw
ar
e 
B
ay
) 
N
J:
  W
es
t C
re
ek
 (D
el
aw
ar
e 
B
ay
) 
N
J:
  D
en
ni
s C
re
ek
 (D
el
aw
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e 
B
ay
) 
M
D
:  
M
on
ie
 C
re
ek
 (C
he
sa
pe
ak
e 
B
ay
) 
N
J:
  A
llo
w
ay
 C
re
ek
 (D
el
aw
ar
e 
B
ay
)  
N
J:
  M
ad
 H
or
se
 C
re
ek
 (D
el
aw
ar
e 
B
ay
) 
N
J:
  A
llo
w
ay
 C
re
ek
 (D
el
aw
ar
e 
B
ay
)  
 
N
J:
  M
ad
 H
or
se
 C
re
ek
 (D
el
aw
ar
e 
B
ay
)  
  
N
J:
  M
oo
re
's 
B
ea
ch
 (D
el
aw
ar
e 
B
ay
)  
 
N
J:
  D
en
ni
s T
ow
ns
hi
p 
Sa
lt 
H
ay
 
Fa
rm
 (D
en
ni
s C
re
ek
, D
el
aw
ar
e 
B
ay
)  
N
J:
  C
om
m
er
ci
al
 T
ow
ns
hi
p 
Sa
lt 
H
ay
 F
ar
m
 (D
el
aw
ar
e 
B
ay
) 
M
id
 
M
id
 
M
id
 
M
id
 
Fi
sh
 
(C
yn
os
ci
on
 
re
ga
lis
) 
Fi
sh
, 
C
ru
st
ac
ea
n,
 
In
ve
rte
br
at
e 
C
on
su
m
er
s 
Fi
sh
 
(F
un
du
lu
s 
he
te
ro
cl
itu
s)
 
Fi
sh
 (A
nc
ho
a 
m
itc
hi
lli
, 
M
or
on
e 
Am
er
ic
an
a)
 
2 
(1
99
8-
19
99
) 
1 
(1
99
0)
 
1 
(1
99
7)
 
1 
(1
99
8)
 
Li
tv
in
 a
nd
 
W
ei
ns
te
in
 
20
04
 
St
rib
lin
g 
an
d 
C
or
nw
al
l 
19
97
 
W
ai
nr
ig
ht
 e
t 
al
. 2
00
0 
W
ei
ns
te
in
 e
t 
al
. 2
00
0 
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Table 1-A2, cont. 
M
um
m
ic
ho
gs
 in
 re
fe
re
nc
e 
m
ar
sh
es
 re
ly
 
on
 S
a 
an
d 
B
M
A
; t
ho
se
 in
 in
va
de
d 
m
ar
sh
es
 u
se
 P
a 
an
d 
B
M
A
. 
Ph
yt
op
la
nk
to
n 
is
 le
ss
 im
po
rta
nt
 a
s a
 
fo
od
 so
ur
ce
 in
 b
ot
h 
sy
st
em
s. 
W
hi
te
 p
er
ch
 in
 th
e 
H
ac
ke
ns
ac
k 
M
ea
do
w
la
nd
s a
re
 m
or
e 
re
lia
nt
 o
n 
B
M
A
 
th
an
 P
a,
 w
hi
ch
 is
 th
e 
do
m
in
an
t p
la
nt
 in
 
th
e 
sy
st
em
. 
M
um
m
ic
ho
gs
 in
 ti
de
-r
es
tri
ct
ed
 m
ar
sh
es
 
(h
ig
h 
Pa
 c
ov
er
, l
ow
 sa
lin
ity
) e
xh
ib
it 
de
pl
et
ed
 c
ar
bo
n 
is
ot
op
e 
si
gn
at
ur
es
. F
is
h 
in
 re
fe
re
nc
e 
m
ar
sh
es
 a
pp
ea
r m
or
e 
re
lia
nt
 
on
 S
a.
 In
cr
ea
se
d 
tid
al
 fl
us
hi
ng
 re
st
or
es
 
fo
od
 w
eb
 su
pp
or
t f
un
ct
io
ns
. 
N
Y
:  
H
or
se
sh
oe
 C
ov
e 
(H
ud
so
n 
R
iv
er
 E
st
ua
ry
)  
N
Y
:  
Pi
er
m
on
t M
ar
sh
 
(H
ud
so
n 
R
iv
er
 E
st
ua
ry
) 
N
J:
  H
ac
ke
ns
ac
k 
R
iv
er
 a
nd
 
tri
bu
ta
rie
s (
M
ea
do
w
la
nd
s)
 
M
A
:  
H
at
ch
es
 H
ar
bo
r 
(P
ro
vi
nc
et
ow
n)
   
M
A
:  
H
er
rin
g 
R
iv
er
 
(W
el
lfl
ee
t) 
  
R
I: 
 S
ac
hu
es
t P
oi
nt
 
(M
id
dl
et
ow
n)
 
M
id
 
M
id
 
N
E 
Fi
sh
 
(F
un
du
lu
s 
he
te
ro
cl
itu
s)
 
Fi
sh
 (M
or
on
e 
Am
er
ic
an
a)
 
Fi
sh
 
(F
un
du
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Table 1-A3.  Summary of data collection approach for meta-analysis. 
 
Electronic 
Databases 
Search Terms Literature 
Reviewed 
Data Gathered 
• Web of 
Science (ISI) 
• Science Direct 
(Elsevier) 
• Oceanic 
Abstracts 
(ProQuest) 
• Environmental 
Protection 
Agency 
Science 
Inventory 
• National 
Science 
Foundation 
Research 
Award Search 
• Environmental 
Abstracts 
(ProQuest) 
• Aquatic 
Sciences and 
Fisheries 
Abstracts 
(ProQuest) 
• Biological 
Abstracts 
(BIOSIS 
Previews) 
• Google 
Scholar 
• Scirus  
• PubMed 
(NCBI) 
• North 
America 
• Atlantic 
• Phragmites 
• Spartina 
• Bird 
• Avian 
• Fish 
• Fundulus 
• Nekton 
• Invertebrate 
• Mollusk 
• Reptile 
• Amphibian 
• Fauna 
• Invasion 
• Tidally 
restricted 
• Tidally 
restored 
• Restoration 
• Salt marsh 
• Wetland 
• Estuarine 
• Impact 
• Non-native 
• Invasive 
• Food web 
• Stable 
isotope  
• Peer-reviewed 
journal articles 
• Conference 
proceedings 
• Government 
documents  
• Scientific and 
technical 
reports 
• University 
dissertation 
and master’s 
theses 
• Gray literature 
(non-
governmental 
organizations) 
• Unpublished 
studies 
(colleagues) 
• Species studied 
• Taxonomic grouping  
• Life history stage 
• Response (e.g., 
abundance, density, etc.) 
• Location of study (region, 
GPS point) 
• Gear type (quadrat, throw 
trap, seine, weir, fyke net, 
lift net, breeder trap, pit 
trap, core sampler, suction 
sampler, flume net, 
transects, block net, otter 
trawl, visual point counts, 
laboratory experiments) 
• Marsh habitat (tidal creek, 
marsh surface) 
• Years of study/field 
collections 
• Type of system (open, 
restricted) 
• Type of restoration 
(hydrologic, conventional) 
• Quantitative data: means 
(sample size, standard 
deviation, standard error, 
if available) 
• Environmental data 
(salinity, temperature, 
dissolved oxygen) 
• Stable isotope data/results 
• Author’s opinion on 
habitat impacts 
• Comments on study 
quality  
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Table 1-A4.  Criteria used to minimize bias caused by non-independence of data and 
to group data by response variable.   
Category General Rules for Combining Effect Sizes and Grouping Data by 
Response Variable 
Effect Size 
(general) 
1) Multiple years of data:  We averaged the log response ratios 
from each individual year and reported the effect size as a mean 
for the entire study. 
2) ‘Zero’ abundance reported:  We did a sensitivity analysis and 
added the values 1, 0.1, 0.01, 0.001, and 0.0001 to determine the 
smallest number that could be added to all mean data points to 
ensure effect ratios could be calculated for all interactions. The 
values 0.001 and 0.0001 had the least influence on effect ratios; 
therefore, 0.0001 (being the smallest value) was added to all 
experimental and control means prior to effect size calculation 
(Molloy et al. 2008; Kalies et al. 2010).  
3) Pre- and post-restoration data:  Many authors compared pre- 
and post-restoration data for a particular marsh system to a 
nearby reference marsh. Therefore, a study can contribute data 
to both the ‘invaded’ and ‘restored’ meta-analyses [effect sizes 
were calculated for pre-restoration data (invaded vs. reference) 
and post-restoration data (restored vs. reference)]. These studies 
are indicated as “I, R” under the “marsh studied” column 
(Online Resource 1, Table 1-A1).  
4) Weighted effect size:  To calculate Hedges’ d, we needed 
estimates of standard deviation and the sample size. If the 
authors gave standard error, we calculated standard deviation 
based on the error and sample size. If only the sample size was 
provided, we calculated wi by the following equation: wi  = (NT 
x NC)/(NT + NC), where NT is the treatment sample size and NC 
is the control sample size (Hedges and Olkin 1985). 
5) Data acquisition:  If the authors only represented data 
graphically, we estimated sampling parameters (i.e., means, 
standard deviation, standard error) from figures published in 
their studies. 
Metric 6) Multiple gear types:  If many types of gear were used within the 
same study to assess the same impact on fauna (i.e., throw traps 
and lift nets used to assess density of adult nekton), then the 
mean of those effect ratios was calculated. 
7) Response variables within metric:  We pooled the mean within-
study effect sizes as follows:  
a. Quantity:  Abundance (total viewed/captured), density, 
catch-per-unit-effort 
b. Condition:  Fulton’s K, free fatty 
acid/triacylglycerol/energy reserves, weight gain, 
biomass, length, growth rate, gut fullness  
  55 
c. Diversity:  Species richness (# species, Jacknife), 
diversity (Shannon Wiener), evenness  
Region 
  
8) Study site locations:  Data from different locations within the 
same study were reported as separate measures (i.e., if the 
authors collected paired invaded-reference data at 2 study sites, 
each site was retained as an individual measurement due to 
geographic distance). 
9) Regional categories: 
a. Mid-Atlantic Study Sites: New York, New Jersey, 
Delaware, and Maryland 
b. New England Study Sites: Maine, New Hampshire, 
Massachusetts, Rhode Island, and Connecticut 
Taxon 10) Species-level data:  If multiple species within a particular 
taxonomic category were reported in a study, we calculated the 
effect size for each species, and then averaged across species for 
the taxon-level meta-analysis. If the author reported a total 
number for the taxonomic group (i.e., total nekton density), we 
used their total faunal estimate rather than averaging effect size 
across species. 
11) Taxonomic categories:   
a. Nekton:  Aquatic fish and swimming invertebrates 
(e.g., crustaceans; shrimp and crabs) 
b. Birds:  All resident and transient species (e.g., long-
legged waders, shorebirds, etc.) 
c. Invertebrates:  Benthic infauna and marsh surface 
fauna (sessile or benthic macroinvertebrates collected 
from the marsh surface via suction samplers or coring 
devices; prey items) 
Life 
History 
Stage 
12) Adult category: Includes all adult individuals in the population 
13) Sub-adult category:  Includes eggs, larvae, ‘recruits’ (fish), and 
juveniles 
Marsh 
Habitat 
14) Marsh surface: Includes data from pools, measurements taken 
on flood tide on the marsh surface, and invertebrate data from 
suction samplers and coring devices 
15) Tidal creek: Includes data from intertidal and/or sub-tidal 
creeks, including mosquito ditches 
System 
Type 
16) Open: Data from P. australis-invaded marshes lacking a 
tidal/hydrologic restriction 
17) Restricted: Data from tidally restricted marshes (restrictions 
include earthen berms, roads, bridges, undersized/failing 
culverts, etc.) 
Restoration 
Type 
18) Hydrologic: Use of techniques to increase tidal flushing to 
decrease extent and cover of P. australis (replacement of 
culvert, construction of bridge, breach of impoundment, etc.) 
19) Conventional: Use of manual/physical (cutting/burning), and 
chemical (herbicide) mechanisms to control P. australis 
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Summary  
1. We measured the effects of a plant invasion (Phragmites australis) on higher 
trophic levels in salt marshes in eastern North America by assessing habitat quality 
at the food web base and by quantifying the importance of primary producers to 
secondary production using a recently developed Bayesian mixing model (Stable 
Isotope Analysis in R, “SIAR”).  
2. Spartina alterniflora, the dominant native plant in Atlantic coast salt marshes, 
exhibited significantly greater leaf toughness and higher C:N ratios relative to P. 
australis. Benthic microalgae (BMA) and suspended particulate matter (SPM, a 
proxy for phytoplankton) exhibited the lowest C:N indicating higher diet quality. 
Phenolic concentrations were higher in P. australis than S. alterniflora but not 
significantly.  
3. We tested the sensitivity of SIAR to variation in discrimination factors (Δ13C, 
Δ15N, Δ34S) taken from published literature and found the estimated contributions 
of primary producers were significantly affected by variation in Δ13C, Δ15N, and 
Δ34S.  
4. Using species-specific discrimination factors we found that native plants 
contribute the least to Fundulus heteroclitus tissue in restricted (invaded) and 
restored systems (~4%, ~3%, respectively) while BMA was slightly more 
important (~7%, ~14%). Our model showed that P. australis gained dietary 
importance in restricted and restored marshes (~34%, ~32%) but SPM contributed 
the most in both systems (~55%, ~51%). The highest contribution of BMA to fish 
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tissue (~35%) was in uninvaded marshes adjacent to restored systems, with 
additional contributions from SPM and native plants (~48%, ~17%).  
5. Synthesis. Our analysis revealed that SPM, BMA, and macrophytes contribute to 
energy flow within salt marsh food webs. In reference marshes, secondary 
production was supported by SPM and BMA, with a small contribution from 
native plants. These results are consistent with our leaf toughness and leaf 
chemistry data, which show that SPM and BMA are more palatable diet items. In 
restricted marshes primary consumers relied on SPM and less on BMA, resulting 
in a shift in diet toward invasive plant consumption. This is likely due to increased 
shading of the marsh surface that decreased BMA biomass. Restoration increased 
the importance of BMA, indicating a shift in ecological recovery toward the 
uninvaded state.  
 
Keywords: C:N; discrimination factor; Fundulus heteroclitus; invasion ecology; leaf 
toughness; mixing model; phenolic concentration; Phragmites australis; SIAR; stable 
isotopes. 
 
Introduction 
Coastal salt marshes are highly productive ecosystems that provide forage, refuge, and 
nursery habitat for terrestrial and aquatic species worldwide (Beck et al. 2001). 
Although the importance of the detritus of native salt marsh plants to the direct 
support of near and off-shore food webs has been debated for decades (Teal 1962; 
Darnell 1967; Odum 1968; Nixon 1980; Childers et al. 2000), dietary, behavioral, and 
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isotopic evidence indicate that salt marsh organic matter is assimilated by higher 
trophic levels and is mediated by factors such as geomorphology, tidal attributes, and 
freshwater input (Deegan et al. 2000). In recent years, the invasion of non-native plant 
species into coastal salt marshes has generated new questions on how food web 
support functions change when marshes are colonized by plant invaders (Wainright et 
al. 2000; Weinstein et al. 2000, 2009; Currin et al. 2003). We investigated the 
contribution of native and invasive primary producers (macrophytes, benthic 
microalgae, phytoplankton) to the production of a resident omnivorous fish, Fundulus 
heteroclitus, and examined the quality of primary producer diets for primary 
consumers in New England salt marshes. 
 
Introduced Phragmites australis subsp. australis (hereafter, “introduced P. australis”) 
is replacing native Spartina alterniflora along the Atlantic coast of North America 
(Chambers et al. 1999). The P. australis invasion into Atlantic salt marshes provides 
an excellent model to assess the importance of native vs. introduced salt marsh 
vegetation at the food web base as well as examine trophic response to ecological 
restoration because, like other invasive species, it is highly plastic, adapts to a wide 
range of environmental conditions, is globally distributed, and acts as ecosystem 
engineer post-invasion (Chambers et al. 1999; Meyerson et al. 2000, 2009).  
 
Introduced P. australis has widely invaded oligohaline to polyhaline salt marshes 
throughout the mid-Atlantic and New England regions of North America (Chambers et 
al. 1999; Meyerson et al. 2000, 2009). This invasive macrophyte takes advantage of 
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reduced salinity and increased disturbance and nitrogen availability associated with 
tidal restrictions and coastal development by forming near monocultures that decrease 
native plant diversity, elevate the marsh surface, and reduce the number of small 
water-filled marsh pools and depressions (Meyerson et al. 2000, 2009; Able et al. 
2003; Rooth et al. 2003). Turnover of the dominant plant species and subsequent 
alterations in habitat structure have been shown to alter the trophic structure of 
arthropod communities, with a shift from externally feeding herbivores in S. 
alterniflora to concealed detritivorous feeders in P. australis (Gratton and Denno 
2005). This trophic structure shift in feeding guilds may change ecosystem function by 
decreasing the export of organic material and primary consumers off the marsh surface 
via predators such as nekton and birds. Therefore, a change in dominant primary 
producer may have far-reaching effects up the food chain to higher-level consumers.  
 
Research thus far on the contribution of native and invasive primary producers in salt 
marsh food webs in the mid-Atlantic region has produced mixed results. Using a 
multiple stable isotope approach, Gratton and Denno (2006) found that in invaded 
marshes arthropod food webs are most likely fueled by BMA or SPM and not the 
invasive plant. Arthropod assemblages and dietary sources are indistinguishable in 
restored and uninvaded marshes, suggesting that S. alterniflora forms the base of the 
food web (Gratton and Denno 2005, 2006). Other studies concluded that introduced P. 
australis partially supports secondary production for fish such as F. heteroclitus, 
Anchoa mitchilli, Cynoscion regalis, and Morone americana (Wainright et al. 2000; 
Weinstein et al. 2000, 2009; Litvin and Weinstein 2003, 2004). In New England, 
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Wozniak et al. (2006) used the carbon isotopic signature (δ13C) of S. alterniflora (C4) 
and P. australis (C3) to trace the flow of organic matter to consumers in tidally 
restricted, restored, and reference marshes. They found that secondary consumers (F. 
heteroclitus) have depleted carbon signatures in tidally restricted salt marshes invaded 
by P. australis relative to adjacent unrestricted marshes. The δ13C in fish tissue 
became more enriched (i.e., closer to the signature of S. alterniflora) as P. australis 
cover was reduced by tidal restoration, providing a useful indicator of the trajectory of 
ecological change. Therefore, the incorporation of P. australis into salt marsh food 
webs varies by species, study site, and environmental factors, but stable isotopes can 
be useful in the detection of restoration success.  
 
We investigated whether food web support functions change when invasive plants 
replace native vegetation in New England and determined how restoration influences 
the assimilation and transfer of organic matter to higher trophic levels. To do this we 
asked the following questions: (a) Is there a detectable difference in diet quality of the 
dominant primary producers in New England salt marshes?; (b) What is the relative 
importance of macrophytes, benthic microalgae, and phytoplankton in driving 
secondary production in invaded tidally restricted, restored, and reference salt marshes 
in New England?; and (c) How does the use of different discrimination factors from 
published literature affect the outcome and interpretation of results from stable isotope 
mixing models?  
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To address the above questions, we examined diet quality using data on leaf 
toughness, the C:N ratio, and phenolic concentrations in plant leaves. We used a 
recently developed Bayesian mixing model in the software package SIAR (Stable 
Isotope Analysis in R; Jackson et al. 2009; Parnell et al. 2010) to assess the 
importance of native and invasive primary producers to F. heteroclitus production. 
SIAR represents an improvement over previous modeling approaches because it 
incorporates discrimination factors (i.e., the change in isotope ratio from prey to 
consumer tissue, Δ13C, Δ15N, Δ34S) and their variation, the variation in isotopic 
signatures of each prey source, and source elemental concentrations into the model. To 
date, most studies using isotopic mixing models have assessed the proportions of 
direct prey items to the tissue sampled (one trophic level). Instead, we estimated the 
contribution of primary producers to the production of F. heteroclitus that resides 
approximately two trophic levels above primary producers (Currin et al. 1995, 2003; 
Deegan and Garritt 1997; Wainright et al. 2000), an approach that has been taken for 
other species in coastal salt marshes.  
 
Brittain et al. (2012) used SIAR to model the contribution of salt marsh vs. terrestrial 
primary producer sources to passerine food webs in Sapelo Island, Georgia using 
discrimination factors to estimate dietary proportions 1.5 to 3 trophic levels above the 
food web base. In the mid-Atlantic region, Wainright et al. (2000) used a two-source 
mixing model to estimate a two trophic level shift between juvenile F. heteroclitus and 
baseline diet, doubling the discrimination factors for carbon (1‰) and assuming a 0‰ 
shift for sulfur based on values from Peterson and Fry (1987). They estimated that F. 
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heteroclitus production was supported by ~39% S. alterniflora in reference marshes 
(presumably through detrital pathways) and ~73% P. australis in invaded marshes, 
with additional contributions from SPM and BMA (Wainright et al. 2000). Therefore, 
although we do not have data on the isotopic signatures of invertebrate prey at our 
study sites, we can estimate relative proportions of primary producers supporting the 
food web using Bayesian mixing models and discrimination factor inputs. 
 
Materials and Methods 
Study Sites and Sampling Locations 
We selected four tidally restricted (hereafter, “restricted”) and four tidally restored 
(“restored”) salt marshes invaded by introduced P. australis along the Atlantic coast of 
North America (Fig. 2-1). Each restricted or restored site was paired with an adjacent 
downstream, unrestricted control (“reference”) site that was sampled on the same day 
(n=16 marshes total; 4 restricted, 4 restored, 8 reference). At tidally restricted sites, 
introduced P. australis was the dominant macrophyte, while the reference sites were 
primarily colonized by Spartina spp. and other native plants (e.g., Distichlis spicata, 
Juncus gerardii, Limonium nashii, etc.). At restored sites, a mixture of introduced P. 
australis and Spartina spp. dominated, while reference sites were composed of 
Spartina spp. and other native plants.  
 
Field Collections  
Three stations were randomly selected a priori within each of the 16 marshes (n=48 
experimental units, “EU’s”). Because we employed a matched pairs experimental 
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design, stations from the restricted marshes were only compared to stations from the 
adjacent unrestricted (reference) marshes, and stations from the restored marshes were 
only compared to those from adjacent reference marshes. We collected samples from 
one of our study sites (Drakes Island, ME) in summer 2009 (7/10/09, 7/22/09) and fall 
2009 (9/1/09) as part of a preliminary research study and collected samples from all 16 
marsh sites in summer 2010 (7/12-7/25/10, 7/29/10), fall 2010 (9/22-10/3/10), summer 
2011 (7/11-7/23/11), and fall 2011 (9/25-10/7/11). We collected water quality data 
(salinity, temperature, dissolved oxygen) using a YSI-85 (2009-2010) and a YSI Pro-
2030 (2011) at each station on every sample date with the exception of our four 
northern sites in Massachusetts and Maine in summer 2010 due to equipment 
malfunction (K.L. Dibble, unpublished data).  
 
Primary Producers 
We collected the standing live leaves of the dominant plants present at each station (P. 
australis, S. alterniflora, S. patens, D. spicata). Plant dominance was determined via 
visual inspection of the marsh surface and surrounding area; any plant species 
representing >25% (approximate) cover was selected. For consistency, we randomly 
selected a minimum of five leaves from the top 15cm of the stem from each dominant 
species and pooled the samples in the field (Wainright et al. 2000; Weinstein et al. 
2000; Wozniak et al. 2006). In the lab we rinsed leaves with DI water and froze, 
freeze-dried, ground, and stored the samples in a -80°C freezer. We sampled plants in 
2009 at Drakes Island, at all sites in 2010, and at three sites in 2011 (for clarification 
of 2010 data). In fall 2011 we collected data on leaf toughness using a handheld leaf 
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penetrometer (Chatillon Push/Pull Gauge, Model 719) to test hypotheses on diet 
quality. At each station where introduced P. australis and/or S. alterniflora were 
present, we sampled 10 leaves from randomly selected plants and measured the 
amount of pressure (lbs) needed to penetrate each leaf.   
 
In summer and fall 2010 we collected a 1-liter bottle of water from the top 5cm of the 
water column at each station using amber HDPE bottles and brought them back to the 
laboratory on ice. In the lab, we vacuum filtered the water through Whatman binder-
free glass microfiber filters (GF/F; 4.7cm) to collect suspended particulate matter 
(SPM). Filters were dried in a 40°C oven and pelleted for stable isotope analysis. 
Using scintillation vials, we collected 40mL of water from the top 5 cm of the water 
column and preserved it with sodium azide to examine dissolved inorganic carbon (DI 
δ13C) in the water column and to determine whether the water contained a 
phytoplankton signature (Chanton and Lewis 1999; Wainright et al. 2000; Fry 2002). 
 
We sampled the benthic microalgal (BMA) community using a modification of the 
Couch (1989) method, whereby the top 1cm of bare mudflat, sandflat, or sediment 
between vegetation at low tide was collected and brought on ice in the dark to the 
laboratory. We induced microalgal vertical migration in our greenhouse at the 
University of Rhode Island Greene H. Gardner Crops Research Center by spreading 
the sediment in trays, covering the wet sediment with a thin layer of Acros Organics 
precombusted silica sand, covering the sand with Nitex mesh, and then covering the 
mesh with another layer of sand. Window screening mounted on Styrofoam was 
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placed on top of the sand to shade the surface. After 12 hours of daylight, we removed 
the mesh, rinsed BMA off the mesh with DI water, removed inorganic sediment, and 
vacuum pumped the water through Whatman GF/F filters (4.7cm; Wainright et al. 
2000; Wozniak et al. 2006). Filters were dried in a 40°C oven and pelleted for stable 
isotope analysis.  
 
Fish 
At each station we deployed two Frabill vinyl-coated round minnow traps on flood 
tide for 30 minutes, combined the contents from both traps, then randomly selected 
five male and five female adult fish (>40mm) representing the largest, smallest, and 
middle size ranges of fish available. We measured (fork length, mm), weighed 
(centigrams), and then humanely euthanized the fish via IACUC-sanctioned 
procedures (URI Protocol #AN-09-05-020). In the laboratory we removed fish 
digestive tracts and regurgitated food to ensure the isotopic signature encompassed 
assimilated food only. We rinsed fish in DI water and then froze, freeze-dried, ground 
(whole-body), and stored the fish in a -80°C freezer. Due to delayed spawning in the 
Northeast in 2011 we captured large quantities of gravid fish, providing the 
opportunity to assess nutrient allocation to reproduction (i.e., whether nutrients from 
different food sources are preferentially allocated to egg development; O’Brien et al. 
2000). We collected the egg sacks from female body cavities, combined the eggs from 
each station into one sample, and prepared them for stable isotope analysis as we did 
with the fish and plants above.  
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Laboratory Analyses 
Inorganic Carbon Removal  
Carbon incorporated into tissues and carbon in inorganic carbonate originates from 
different sources and can bias stable isotope results, so it has been common practice to 
remove inorganic carbon from field samples prior to analysis (Fry 1988; Cloern et al. 
2002; Jacob et al. 2005). However, inorganic carbon removal via acidification can 
affect the δ15N signature of the sample (Pinnegar and Polunin 1999; Jacob et al. 2005), 
so we conducted a small experiment using plant, fish, BMA, and SPM samples from 
2009 field collections to determine whether it was necessary to acidify our samples 
prior to isotope analysis. Subsamples were treated with dilute (10%) hydrochloric 
acid, dried in a 40°C oven (without rinsing, to minimize loss of dissolved organic 
matter), re-ground with a mortar and pestle, and weighed on a microbalance into 
Costech tin capsules (3.5x5 mm) to the nearest 0.001mg (Fry 1988; Cloern et al. 
2002). We ran the acidified samples for δ13C using an isotope ratio mass spectrometer 
at the Environmental Protection Agency, Atlantic Ecology Laboratory in Narragansett, 
Rhode Island and compared the results to data from the unacidified parent sample.  
 
Lipid Removal 
To avoid potential error due to differential fractionation of δ13C in lipids, 
carbohydrates, and proteins during tissue synthesis (Post et al. 2007), we removed 
lipids from individually ground fish samples. Briefly, powdered samples were packed 
into Whatman cellulose extraction thimbles and washed with a non-polar lipid solvent 
(petroleum ether) for six hours using a Soxhlet apparatus (Dobush et al. 1985). After 
  68 
lipid extraction, we composited ten fish from each EU using a mortar and pestle and 
weighed three replicates to the nearest 0.001mg into tin capsules for isotope analysis 
(Fry et al. 2008). We did not remove lipids from ground eggs due to the limited 
quantity of material available; instead, we corrected the δ13C values using an equation 
based on the relationship between lipid content, C:N ratio, and δ13C (Eqn. 3; Post et al. 
2007). 
 
Stable Isotope, Elemental, and Phenolic Compound Analyses 
We determined the isotopic composition (δ13C, δ15N) and elemental composition (%C, 
%N) of fish, eggs, plants, SPM, and BMA using an Elementar Vario Micro Cube 
elemental analyzer interfaced to an IsoPrime 100 mass spectrometer 
(precision=±0.2‰) at the EPA Atlantic Ecology Laboratory. The C and N isotopic 
composition is expressed as a part per thousand (per mill, ‰) deviation from the 
reference standard for carbon (PDB) and from the composition of N2 in the air and 
was calculated using the following equation: 
δX =  [(Rsample/Rstandard)-1] x 1000 
Where X is 13C or 15N and R is the ratio of 13C/12C and 15N/14N. Samples were 
randomly run in batches of 80-100 due to instrument capacity. Laboratory standards 
(blue mussel) were placed in duplicate every 20th sample and at the beginning and end 
of each run to check and correct for instrument drift. We analyzed 10% of the primary 
producer samples in duplicate; composited samples of fish and eggs were run in 
triplicate (Fry et al. 2008). The mean of the duplicate and triplicate samples for each 
EU/time period was used for statistical analyses to avoid pseudoreplication. Ground 
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samples of fish, eggs, and primary producers were packaged with vanadium pentoxide 
and analyzed by Iso-Analytical in Crewe, United Kingdom for δ34S and %S, with 10% 
run in duplicate.  
 
We sent preserved 40mL scintillation vials of water to the University of California 
Davis Stable Isotope Facility for analysis of DI δ13C. To examine plant tissue phenolic 
compounds and verify elemental concentration, we sent ground leaf samples (S. 
alterniflora and P. australis) from summer and fall 2010 to the University of 
Louisiana Agricultural Research and Extension Center, Soil Testing and Plant 
Analysis Lab in Baton Rouge, Louisiana. Percent carbon and nitrogen were 
determined using a Leco CN Analyzer. Phenolic compounds were extracted using 
50% methanol, after which a 100µL aliquot of extract was mixed with distilled water, 
Folins Reagent, and sodium carbonate. Absorbance was read at a wavelenth of 720nm. 
Samples were run in duplicate; if replicate absorbance values were not within 0.020 
ODU the replicate was re-analyzed. The phenolics concentration was not broken down 
into its constituent components; however, the standard curve used to calculate the 
concentration was constructed using gallic acid (a phenolic compound in plants).  
 
Data Analysis 
We analyzed data using SAS (v. 9.2) and the R Statistical Environment (v. 2.15.0); 
figures were developed using SigmaPlot (v. 9.0). Assumptions of normality and 
equality of variances within datasets were verified prior to all statistical analyses. We 
examined whether it was necessary to remove inorganic carbon from samples using a 
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two-sample paired t-test of means. Regression was used to examine the relationship 
between salinity, SPM δ13C, and water column DI δ13C.  For leaf toughness data 
collected in fall 2011, we summarized 10 pressure measurements from each EU prior 
to analysis. Due to violations of normality and homogeneity of variance, we analyzed 
leaf toughness and phenolics data from S. alterniflora and P. australis using Welch’s 
t-tests. An independent samples t-test was used to examine differences in C:N of S. 
alterniflora and P. australis. Because we collected samples from each EU over time, 
we analyzed differences in mean δ13C, δ15N, δ34S, %C, %N, and %S in fish tissue 
using repeated measures mixed model Analysis of Variance (ANOVA). We used 
SLICES in the model to examine interaction effects to determine whether there were 
significant differences in the response after explanatory variables were incorporated 
into the model (i.e., marsh type, time, region); mean fish length was used as a 
covariate to account for trophic level differences associated with δ15N. We used 
Heterogeneous Autoregressive (1) as our covariance structure because it assumes that 
data that are farther apart in time will be less similar and that each time period has its 
own unique variance.  
 
We used mixing models in SIAR to investigate the contribution of dominant primary 
producers to the food web base (Jackson et al. 2009; Parnell et al. 2010). In SIAR, we 
ran 200,000 iterations with an initial discard of 50,000, thinned by 15, resulting in 
10,000 posterior draws. When SIAR has difficulty differentiating between possible 
sources the posterior samples for the source contributions to diet are likely to be 
highly negatively correlated, so we assessed model fit by examining the highest 
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correlations between sources in each model. Because the use of discrimination factors 
can influence model output (Bond and Diamond 2011), we ran a sensitivity analysis 
using Δ13C, Δ15N, and Δ34S values reported from the literature. Adult F. heteroclitus 
(>40mm) are omnivorous and have been estimated at two trophic levels above primary 
producers (Currin et al. 1995, 2003; Deegan and Garritt 1997; Wainright et al. 2000), 
so discrimination factors and errors were doubled to account for tissue to diet 
discrimination between primary consumers (invertebrates) and their diet (primary 
producers) and secondary consumers (F. heteroclitus) and their diet 
(invertebrates/primary producers). We believe this is an appropriate approach because 
the range of discrimination factors used to correct fish to omnivorous prey diets (Δ13C: 
0.40 – 3.36; Δ15N: 2.30 – 3.73) are similar to those used to correct invertebrate to 
primary producer diets (Δ13C: -0.50 – 2.50; Δ15N: 1.50 – 2.70; Gratton and Denno 
2006; Caut et al. 2009; Brittain et al. 2012).  
 
We used six sets of discrimination factors, five of which were reported directly in the 
literature (Fry 1988; Post 2002; McCutchan et al. 2003; Dennis et al. 2010; Elsdon et 
al. 2010) and the sixth represents the median value of Δ13C, Δ15N, and Δ34S compiled 
from the above literature and from other publications (Peterson and Fry 1987; 
Vanderklift and Ponsard 2003; Caut et al. 2009; Wyatt et al. 2010; termed “cross-
study Δ values”). Discrimination factors from Fry (1988), Post (2002), McCutchan et 
al. (2003), and Dennis et al. (2010) were experimentally determined primarily using 
fish and aquatic organisms and differ based on trophic level, species, tissue sampled, 
diet fed, and sample preparation methodology. Elsdon et al. (2010) experimentally 
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determined discrimination factors for F. heteroclitus fed a range of diets; however, we 
selected the discrimination factors that closely resembled our sample methodology 
(i.e., lipid-free, non-acidified F. heteroclitus muscle tissue from fish fed an 
omnivorous diet). Source concentration dependence values were not entered into 
SIAR because the incorporation of Whatman GF/F filter weight into %C, %N, and %S 
led to lower (and erroneous) elemental concentrations for BMA and SPM in our data 
set.  
 
Results 
Basal Diet Quality 
We detected significant differences in the toughness of S. alterniflora and P. australis 
leaves (p<0.0001, t45.91=-10.66), with the former requiring significantly more pressure 
to penetrate (  = 3.24 ± 0.53 lbs; n=47) than the latter (  = 1.88 ± 0.47 lbs; n=22). 
The C:N ratio generated via mass spectrometry at the EPA laboratory mirrored results 
from LSU, so we used the latter dataset for analysis of vascular plant C:N. Mirroring 
leaf toughness results, S. alterniflora had a significantly higher ratio of carbon to 
nitrogen (  = 21.05 ± 6.12; n=16) than P. australis (  = 16.29 ± 3.48; n=17; 
p=0.0095, t31=-2.76). The mean C:N ratios of BMA (  = 8.84 ± 2.29; n=33) and SPM 
(  = 6.95 ± 0.92; n=108) were lower than live vascular plants. Using the leaf samples 
measured for C:N, we found that the concentration of phenolic compounds in P. 
australis was higher (  = 109.10 ± 38.73 µM/g; n=17) than S. alterniflora (  = 91.41 
± 12.72 µM/g; n=16), but the difference between plant species was not significant 
(p=0.0816; t21.02=1.83).  
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Stable Isotope Analysis 
Primary Producers 
We examined the relationships between DI δ13C, salinity, and SPM δ13C to determine 
whether SPM samples contained a phytoplankton signature and whether that signature 
was affected by changes in salinity between marsh types. Phytoplankton fix water 
column dissolved inorganic carbon and fractionate that carbon upon uptake, resulting 
in SPM values that are depleted in δ13C by ~20‰ (Chanton and Lewis 1999; Fry 
2002). Our data agree with this estimate, as SPM δ13C was depleted by ~18 ‰ relative 
to DI δ13C (Fig. 2-2). The mean C:N ratio of SPM was 6.9-7.0 at our stations, also 
indicating that seston collected on filters was of phytoplankton origin (Redfield 1958). 
We found significant positive relationships between salinity and both DI δ13C 
(r2=0.81, p<0.0001; n=62) and SPM δ13C (r2=0.34, p<0.0001; n=62; Fig. 2-2), 
indicating the carbon isotopic composition of SPM is not fixed as it can be with 
plants; rather, it changes with salinity. Phytoplankton values are strongly influenced 
by changes to DI δ13C (and hence, salinity) in the water column (r2=0.52, p<0.0001; 
n=93; Fig. 2-3) so we ran separate models for each of the four marsh types to reduce 
error associated with local environmental conditions. 
 
Removal of inorganic carbon from primary producer and consumer samples using 
10% hydrochloric acid did not significantly affect δ13C (p=0.0935; t36=-1.72), so we 
did not remove inorganic carbon from samples used in our primary analysis. The mean 
isotopic composition, elemental concentration, and C:N ratio of primary producer 
sources are reported in Table 2-1. The similarity in isotopic composition of the 
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dominant salt marsh grasses S. alterniflora, S. patens, and D. spicata necessitated the 
combination of these three sources into one native ‘salt marsh plant’ source for use in 
SIAR. Overall, mean δ13C was distinct for the salt marsh plant (  = -14.34 ± 0.57), 
BMA (  = -19.74 ± 2.98), SPM (  = -21.10 ± 2.69), and P. australis (  = -26.12 ± 
1.20) sources. Mean δ15N was distinct for SPM (  = 3.72 ± 3.06) but 
indistinguishable between salt marsh plants (  = 6.07 ± 2.09), BMA (  = 7.17 ± 
4.06), and P. australis (  = 6.68 ± 1.90). Sulfur isotopes were highly variable but 
distinguished BMA (  = -3.51 ± 10.41) and SPM (  = 13.71 ± 6.09) from salt marsh 
plants (  = 3.94 ± 9.82) and P. australis (  = 2.35 ± 9.52). Stable isotope biplots 
show the relationship between the four dominant sources in restricted, restored, and 
reference marsh food webs as well as their relationship to secondary consumers (F. 
heteroclitus) in the system (Figs 2-4a,b; 2-5a,b).  
 
Fish 
We captured 1,920 adult F. heteroclitus from 48 stations in the summer and fall 
seasons from 2010-2011, totaling 192 composited lipid-free whole-body samples. We 
found significant differences in the isotopic signature of fish inhabiting tidally 
restricted vs. reference marsh sites for δ13C (p<0.0001, t40=7.83) and δ15N (p=0.0366, 
t40=-2.16) but not for δ34S, %C, %N, or %S (p>0.05; Table 2-1). Results for 
differences between the restricted and reference systems for δ13C were significant and 
in agreement in the Long Island Sound (LIS) and Gulf of Maine (GOM) regions and in 
all four time periods sampled (p<0.05), indicating that restricted and reference marsh 
fish may be incorporating different sources of carbon in their tissue. However, the 
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depleted carbon isotopic signature of fish in restricted marshes relative to those in the 
reference marshes may simply be due to differences in salinity and changes to DI δ13C 
and SPM δ13C as discussed above. The significant difference in fish δ15N signatures in 
the restricted vs. reference marshes was driven by samples collected in LIS in the 
summer (p=0.0510, t119=-1.97) and fall of 2010 (p=0.0098, t119=-2.63). For fish 
residing in the tidally restored vs. reference marsh sites, we found significant 
differences in the δ13C (p=0.0370, t40=2.16) and %S (p=0.0358, t40=2.17) in fish tissue 
but not for δ15N, δ34S, %C, or %N (p>0.05; Table 2-1). Overall differences in δ13C 
were driven by differences in carbon source for one time period and region only: 
summer 2011 in the GOM (p=0.0291, t119=2.21). The isotopic composition of whole-
body F. heteroclitus was similar to eggs although egg tissue was ~1-1.5‰ depleted in 
δ13C, which could be an artifact of differences in methodology used to correct for lipid 
content (direct lipid removal vs. C:N correction). Overall, this data indicates that fish 
are allocating similar nutrients to reproduction as they are to maintaining overall 
growth (Table 2-1). Using the discrimination factors in Table 2-2, F. heteroclitus at 
our study sites are approximately two trophic levels above primary producers, 
confirming previous estimates (Currin et al. 1995, 2003; Deegan and Garritt 1997; 
Wainright et al. 2000; Figs 2-4a,b; 2-5a,b). 
 
Basal Diet Proportions 
SIAR model performance using our data can be considered moderate based on our 
source correlation coefficients in the range 0.3-0.7 (Bond and Diamond 2011; 
Doucette et al. 2012). Sensitivity analysis revealed that using different discrimination 
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factors from the literature produce different estimates of source contributions to basal 
diet (Table 2-2). Salt marsh plant and phytoplankton contributions fluctuated the most, 
with posterior distributions ranging from 0-71% and 4-74% depending on marsh type 
and Δ13C, Δ15N, and Δ34S used. Phragmites australis and BMA had a smaller range 
(0-49% and 0-54%, respectively). Overall, the median value of SPM source 
contributions ranged from 20-55% in restricted marshes and 27-51% in restored 
marshes. Introduced P. australis ranged in importance from 4-34% in restricted 
marshes and 1-32% in restored marshes. Benthic microalgae was least important in 
restricted marshes (7-17%) and had the highest potential source contributions in 
reference marshes adjacent to restored sites (13-35%).  
 
Elsdon et al. (2010) experimentally measured Δ13C and Δ15N in the non-acidified, 
lipid-free muscle tissue of F. heteroclitus reared on herbivorous, carnivorous, and 
omnivorous diets in the laboratory. This represents the closest experimentally 
measured isotopic change from tissue to diet for our study species so we compared 
model output using Elsdon et al. (2010) discrimination factors for F. heteroclitus on an 
omnivorous diet (Bio-Vita) to results using the median cross-study Δ values to 
illustrate the importance of using species-specific discrimination factors. Using Elsdon 
et al. (2010) we found that BMA contributed the least to basal diet in restricted 
(median ~7%) and restored (~14%) marshes, with higher contributions in reference 
marshes adjacent to the restricted and restored sites (~21% and ~35%, respectively). 
Introduced P. australis contributed ~34% and ~32% to basal diet in restricted and 
restored marshes, respectively, and SPM was equally important in all marshes (~48-
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55%). Salt marsh plants represented a smaller fraction of basal resources in restricted 
(~4%), restored (~3%), and reference marshes adjacent to restricted and restored sites 
(~27% and ~17%, respectively; Table 2-2).  
 
The median cross-study Δ values yielded different results. Benthic microalgae 
represented a large proportion of the base of the food web in restored and reference 
marshes (~19%, ~19%, ~21%), and was least important in restricted marshes (~14%). 
Phragmites australis contributed ~16% to the base of the food web in restricted 
marshes and ~4% to restored marshes. Phytoplankton and salt marsh grasses were 
equally important in all systems and collectively formed the largest proportions of the 
food web base (~30-40% each). Reference marshes contained the highest proportions 
of sources with low C:N ratios (i.e., SPM, BMA) relative to restricted and restored 
sites (Table 2-2). 
 
Discussion 
Basal Diet Quality 
The flow of energy through salt marsh food webs is partially influenced by the diet 
quality of primary producers at the base of the food web. The C:N ratio is often used 
as an indicator of the nutritional value of plant sources, with higher %N values (i.e., 
lower C:N ratio) indicating a higher quality diet. In our study systems SPM and BMA 
exhibited the lowest C:N and vascular plants exhibited the highest C:N. Therefore, 
SPM and BMA are nutritionally superior to vascular plants and are more likely to be 
preferentially consumed by primary consumers. This is likely due to high palatability 
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and the short, efficient nature associated with algal-based food webs leading to higher 
trophic levels (Deegan et al. 2000). Fish tissue from reference marshes contained high 
proportions of nutrients from resources exhibiting low C:N ratios, indicating that 
primary consumers target high quality and palatable dietary items. Other studies have 
found that invertebrates such as amphipods, copepods, isopods, polychaetes, 
oligochaetes, and snails (the primary diet items of F. heteroclitus) preferentially graze 
on BMA and SPM and can locally reduce BMA biomass by as much as 70% per day 
(Currin et al. 2003; Gratton and Denno 2006; Deegan et al. 2007; Galván et al. 2008, 
2011). This lends credence to our finding of the importance of these more palatable 
dietary items in salt marsh food webs, especially for fish using reference marshes.  
 
Similar to our results, Galván et al. (2008, 2011) found that Spartina may not be an 
important basal resource in New England salt marshes. Although macrophytes do play 
a role in the flow of energy through salt marshes, they have high proportions of 
structural material typically only made available to consumers through detrital 
pathways (Deegan et al. 2000). Invertebrates such as the common salt marsh 
amphipod Gammarus palustris and omnivorous marsh crab Armases cinereum will 
consume live S. alterniflora but only after the destruction of its toughness by physical 
or microbial pathways (Pennings et al. 1998; Parker et al. 2008). Our data and those of 
others show that leaf toughness correlates with C:N (Parker et al. 2008; Jiménez et al. 
2012), so the vascular plant detritus most likely to enter into salt marsh food webs will 
have low leaf toughness and C:N ratios. However, invertebrates that consume live 
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vascular plants and detritus can be deterred from consumption if the plant contains 
phenolic compounds such as tannin and gallic acid (Hendricks et al. 2011).  
 
Invasive plants can contain higher concentrations of phenolic compounds relative to 
native plants (Callaway and Ridenour 2004; Orr et al. 2005), a potential mechanism to 
deter herbivory (Grosholz 2010; Hendricks et al. 2011). We compared phenolic 
concentrations in the leaves of the dominant vascular plants and found a lower but 
(marginally) non-significant concentration in native vs. invasive plant species (  = 
91.41 ± 12.72 µM/g vs.  = 109.10 ± 38.73 µM/g; p=0.0816), which could be due to 
high variability in our data. Hendricks et al. (2011) examined the feeding preferences 
of a common salt marsh invertebrate, Littoraria irrorata, on the leaves of introduced 
P. australis and native S. alterniflora and found that the snail consumed 26x more 
ground S. alterniflora than P. australis even though the native plant was 1.3x tougher, 
suggesting a chemical deterrent against herbivory. Although P. australis at our study 
sites exhibited lower C:N and leaf toughness measurements than S. alterniflora, the 
higher mean phenolic concentration may deter herbivory and its incorporation into the 
food web via primary consumers, as evidenced by a higher assimilation of SPM into 
fish tissue. Collectively these results indicate that there is a spectrum of decreasing 
diet quality from SPM (highest) to BMA to P. australis to S. alterniflora (lowest). 
 
Basal Diet Proportions  
Use of stable isotope mixing models in salt marsh ecosystems can be difficult due to 
the presence of multiple plant sources that often have overlapping isotopic signatures 
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(Fry and Sherr 1984; Post 2002; Currin et al. 2003). The four dominant sources in our 
study system were distinguishable by at least one isotope and SIAR model 
performance was moderate using a multiple stable isotope approach. Our sensitivity 
analysis using different sets of discrimination factors from the literature (Table 2-2) 
revealed large variability in SIAR model results, confirming results from Bond and 
Diamond (2011) on the importance of experimentally determining discrimination 
factors specific to the study organism for use in isotope mixing models (Martínez del 
Rio et al. 2009). In our study, use of discrimination factors from Fry (1988), Post 
(2002), McCutchan et al. (2003), Dennis et al. (2010), and the median cross-study Δ 
values yielded similar dietary proportions across all sources (Table 2-2). Species-
specific discrimination factors from Elsdon et al. (2010) yielded very different results 
(Table 2-2) but are closer to what would be expected in these study systems based on 
our research and those of others that indicate that SPM and BMA are important 
resources at the base of the food web (Kneib et al. 1980; Hughes and Sherr 1983; 
Deegan et al. 2000).  
 
In New England salt marshes, SPM and BMA support primary consumers but the 
relative contributions of sources may vary with environmental factors (season, tidal 
flow, habitat characteristics), feeding mode, and the presence of predators (Galván et 
al. 2008, 2011). Our results support previous studies in invaded study systems that 
have linked reductions in BMA to increased shading from P. australis (Wainright et 
al. 2000; Currin et al. 2003; Weis 2005; Bushaw-Newton et al. 2008). We found that 
the importance of BMA as a food source declined in tidally restricted and restored 
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marshes and was highest in uninvaded marshes, where shading by overhanging plants 
would not be as evident. In our study, the median combined contributions for BMA 
and SPM ranged from 62-83% and the median combined contributions for salt marsh 
and P. australis vascular plants ranged from 17-38%. These results demonstrate the 
importance of algae and plankton at the food web base for invertebrate fauna that 
support higher trophic levels (Currin et al. 1995; Deegan et al. 2007) and emphasize 
the importance of preventing plant invasions that reduce the abundance of these 
dietary resources.  
 
Previous studies that qualitatively analyzed stable isotope data from F. heteroclitus 
and other species in unrestricted P. australis-invaded systems in the mid-Atlantic 
found that, for the most part, fish in uninvaded marshes obtained nutrients from a 
combination of S. alterniflora, BMA, and to a lesser degree, SPM. Fish in invaded 
marshes assimilated nutrients from P. australis, BMA, and SPM into their tissue 
(Wainright et al. 2000; Weinstein et al. 2000, 2009; Litvin and Weinstein 2003, 2004). 
Currin et al. (2003) found that F. heteroclitus in restored marshes rely on a 
combination of all four sources, with potentially greater reliance on BMA. Our results 
agree with these findings but reveal a greater reliance on SPM across all marsh types, 
with contributions from BMA and the dominant macrophyte in each system.  
 
The proportions of nutrients in fish tissue originating from vascular plants at our study 
sites in New England are lower than those reported in the mid-Atlantic region (e.g., 
~39% S. alterniflora in reference marshes and ~73% P. australis in invaded marshes; 
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Wainright et al. 2000). The median contribution of salt marsh plants at our reference 
marsh sites was ~27% while the median contribution of P. australis at our restricted 
marsh sites was ~34%, indicating that although the invasive plant was dominant in the 
restricted marshes, primary producers within the water column (SPM) formed the 
majority of the food web base. Restoration of tidal flow increased food web reliance 
on BMA, likely due to decreased shading of the marsh surface. Benthic microalgal 
productivity can rival that of Spartina spp. and has long been noted to be an important 
component of salt marsh food webs readily available to primary consumers that 
support higher trophic levels (Zedler 1980; Currin et al. 1995, 2003; Galván et al. 
2008, 2011). Protecting and restoring salt marsh habitats, decreasing the cover of 
invasive plants, and maintaining high water quality standards for healthy 
phytoplankton and benthic microalgal communities are therefore critically important 
to supporting secondary production in coastal ecosystems. 
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TABLES: CHAPTER 2 
Table 2-1.  Summary of data for primary producers, fish, and eggs by marsh type.*  
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Table 2-2.  Discrimination factors used in sensitivity analysis with model output. 
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FIGURES: CHAPTER 2 
Figure 2-1.  Map of study site locations. 
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Figure 2-2.  Carbon stable isotope composition of suspended particulate matter (SPM) 
and dissolved inorganic carbon (DI) vs. water column salinity for all study sites.  
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Figure 2-3.  Relationship between the carbon isotopic compositions of suspended 
particulate matter (SPM) and dissolved inorganic carbon (DI) in the water column for 
all study sites. 
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Figure 2-4.  Stable isotope biplots for (a) δ13C vs. δ15N and (b) δ13C vs. δ34S for the 
restricted vs. reference (control) marsh sites. Data for sources are means ± standard 
deviations and are separated by marsh type. Key: Fish=F. heteroclitus (whole body, 
lipid-free); BMA=benthic microalgae; SPM=phytoplankton; SPDI=salt marsh plants; 
PHAU=Phragmites australis. Fish data is not corrected for discrimination in these 
plots. 
(a) 
 
(b) 
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Figure 2-5.  Stable isotope biplots for (a) δ13C vs. δ15N and (b) δ13C vs. δ34S for the 
restored vs. reference (control) marsh sites. Data for sources are means ± standard 
deviations and are separated by marsh type. Key: Fish=F. heteroclitus (whole body, 
lipid-free); BMA=benthic microalgae; SPM=phytoplankton; SPDI=salt marsh plants; 
PHAU=Phragmites australis. Fish data is not corrected for discrimination in these 
plots. 
(a) 
  
 
(b) 
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Abstract 
Roads, bridges, and dikes constructed across salt marshes can restrict tidal flow, 
degrade habitat quality for nekton, and facilitate invasion by non-native plants 
including Phragmites australis. Introduced P. australis contributes to marsh accretion 
and eliminates marsh surface pools thereby adversely affecting fish by reducing access 
to intertidal habitats essential for feeding, reproduction, and refuge. Our study 
assessed the condition of resident fish populations (Fundulus heteroclitus) at four 
tidally restricted and four tidally restored marshes in New England invaded by P. 
australis relative to adjacent reference salt marshes. We used physiological and 
morphological indicators of fish condition, including proximate body composition (% 
lipid, % lean dry, % water), recent daily growth rate, age class distributions, parasite 
prevalence, female gravidity status, length-weight regressions, and a common 
morphological indicator (Fulton’s K) to assess impacts to fish health. We detected a 
significant increase in the quantity of parasites infecting fish in tidally restricted 
marshes but not in those where tidal flow was restored to reduce P. australis cover. 
Using fish length as a covariate, we found that unparasitized, non-gravid F. 
heteroclitus in tidally restricted marshes had significantly reduced lipid reserves and 
increased lean dry (structural) mass relative to fish residing in reference marshes. Fish 
in tidally restored marshes were equivalent across all metrics relative to those in 
reference marshes indicating that habitat quality was restored via increased tidal 
flushing. Reference marshes adjacent to tidally restored sites contained the highest 
abundance of young fish (ages 0-1) while tidally restricted marshes contained the 
lowest. Results indicate that F. heteroclitus residing in physically and hydrologically 
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altered marshes are at a disadvantage relative to fish in reference marshes but the 
effects can be reversed through ecological restoration.  
 
Keywords: Fundulus heteroclitus; Phragmites australis; invasion; lipid; otolith; age; 
growth rate; length-weight; parasite; gravid; nursery; fish habitat 
 
Introduction 
It is well established that fish and swimming crustaceans (termed “nekton”) use 
vegetated intertidal salt marsh habitats for refuge, feeding, as nurseries, and for 
reproduction [1-6]. Although there has been a long-standing debate on the role of salt 
marsh detritus in the direct support of higher trophic levels [7-11], several studies have 
linked access to invertebrate prey on the marsh surface to measurable changes in fish 
growth, weight gain, and energy storage [4,12-16]. High quality salt marsh habitat 
facilitates secondary production in coastal waters as nekton are consumed by higher 
trophic levels [17-19]. 
 
Throughout the United States, >50% of tidal salt marshes have decreased in size and 
quality [20] because of disturbances such as interstate commerce, urban and shoreline 
development, and livestock rearing [21,22]. Roads, bridges, and dikes constructed 
through salt marshes restrict tidal flow when associated culverts are undersized, 
resulting in marsh compaction and subsidence through the loss of inorganic sediments 
from tidal deposition and the oxidation and decay of drained peat deposits [23]. Tidal 
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restrictions also facilitate plant invasions and further degrade habitat quality for 
resident nekton species [24,25].  
 
Introduced Phragmites australis subsp. australis (hereafter, “introduced P. australis”) 
has widely invaded oligohaline to polyhaline salt marshes throughout the mid-Atlantic 
and New England regions of North America [26-28]. This invasive macrophyte takes 
advantage of reduced salinity and increased disturbance and nitrogen availability 
behind tidal restrictions and forms near monocultures that decrease native plant 
diversity, temperature, and light [29,30]. The dense belowground network of 
introduced P. australis roots and rhizomes and high aboveground biomass mat of 
living and slowly decomposing organic matter [29] that traps mineral and organic 
sediment can counteract the effects of marsh subsidence by raising marsh surface 
elevation. However, high rates of marsh accretion (3-4mm per year) [31] can elevate 
the marsh platform to the extent that daily high tides may no longer flood the marsh 
surface [22]. In addition, during the later stages of P. australis invasion small water-
filled marsh pools and depressions are often reduced [32,33]. Restoration of tidal flow 
into restricted marshes has successfully decreased the cover of this invader 
[24,30,34,35] and restored ecological function for multiple taxa [25,36,37]. 
 
Previous studies in New England have used measures of faunal presence/absence, 
quantity, richness, and diversity to assess habitat quality in tidally restricted marshes 
invaded by P. australis and tidally restored marshes relative to reference (Spartina 
alterniflora) marshes. Decreases in bird species richness, density, and abundance were 
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documented in restricted marshes [36,38], but nekton response was variable across 
studies, with density, abundance, and species richness varying by site and species 
[25,36,37,39,40]. Tidally restored sites exhibit wide variation in support of nekton for 
several years post-restoration while hydrologic, environmental, and physical variables 
respond over time to increased tidal flooding and duration [25,36,41,42]. Raposa and 
Talley [43] suggest the variability in restoration response may be related to whether 
the marsh was previously diked/drained or diked/impounded, with the former showing 
increased nekton density and the latter showing decreased nekton density post-
restoration.  
 
Several studies have acknowledged the need to move beyond the collection of 
community data (e.g., density, richness) to assess the functional response of nekton to 
tidal restrictions and restoration [16,43,44]. Fish condition and growth are affected by 
habitat characteristics (e.g., prey availability, predation, competition, water quality, 
parasite presence, etc.) and by the physiology of the fish species (e.g., reproductive 
status, life history stage, sex, etc.) [45-48]. Fish exhibit life-long tradeoffs in resource 
allocation to metabolism, somatic growth, reproduction, and energy (lipid) storage 
[49,50], with the latter essential to their ability to cope with environmental stress and 
successfully overwinter in northern climates [49,51]. Resident salt marsh fish such as 
the mummichog, Fundulus heteroclitus, gain a significant portion of their energy by 
foraging on the marsh surface at high tide but show significant decreases in growth 
rate and weight gain when they only have access to unvegetated creek beds and pools 
[4,12,14]. Therefore, a decrease in marsh surface access or habitat quality resulting 
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from tidal restrictions and P. australis invasion may result in detectable tradeoffs to 
fish condition, growth, and ultimately, survival.  
 
Morphological and physiological indicators have been used to examine habitat quality 
for fish residing in different environments [5,16,46,48,52-54]. At the morphological 
level, the relationship between fish length and wet weight using regression and indices 
such as the Fulton’s Condition Factor (K) can be used to infer the well being of fish 
and are based on the premise that heavier fish of a given length are in better condition 
[55]. At the biochemical level the analysis of proximate body composition (% lipid, % 
lean dry mass, % water) is used to estimate resource allocation to energy storage vs. 
body structure [49,52]. Habitat quality influences fish growth rate; therefore, if a linear 
relationship exists between fish size and otolith size [56], the mean daily width of the 
marginal otolith increments can be used as an index of recent daily growth [48,57,58]. 
Further, age class distributions using the annuli of otoliths and scales provide 
information on habitat suitability for different life history stages [54,59]. Parasite 
prevalence and infection intensity have been used as indicators of environmental 
quality; however, the responses of parasite communities and their hosts vary 
depending on exposure time, parasite life cycle (direct or indirect), and environmental 
perturbations present (e.g., sewage, eutrophication, pollution, thermal stress, etc.) 
[53,60-62]. Nonetheless, parasites are energetically costly and infection may result in 
tradeoffs to lipid storage, reproduction, and growth [16,61].   
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Our study builds on earlier work by directly linking habitat quality to measurable 
attributes of fish health and productivity. We examined the influence of habitat quality 
on fish condition and growth using the above morphological and physiological 
indicators in order to address the following research questions: 1) Does the condition 
and growth of fish residing in tidally restricted marshes invaded by P. australis differ 
from fish in unrestricted, uninvaded (reference) marshes? 2) Can we detect a 
difference in the condition and growth of fish residing in reference marshes vs. those 
that have been tidally restored to remove P. australis? 3) Are differences in fish 
condition and growth between the restricted, restored, and reference marshes 
consistent across regions, seasons, and for both males and females?  
 
Methods 
Ethics Statements 
Our study was carried out in strict accordance with the American Veterinary Medical 
Association Guidelines on Euthanasia and was approved by the University of Rhode 
Island Institutional Animal Care and Use Committee (protocol #AN09-05-020). 
Permission for collections were given by the Connecticut Department of 
Environmental Protection (#SC-10021), Rhode Island Department of Environmental 
Management (#2010-39), Massachusetts Division of Marine Fisheries (#159948), 
National Park Service Cape Cod National Seashore (#CACO-2010-SCI-0016), Rachel 
Carson National Wildlife Refuge (#53553-2009-05, 2010-05, 2011-10), and Maine 
Department of Marine Resources (#2009-53-00, 2010-60-01, 2011-45-02). 
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Study Sites and Sampling Locations 
We selected four tidally restricted (hereafter, “restricted”) and four tidally restored 
(“restored”) salt marshes invaded by introduced P. australis in New England spanning 
Connecticut to Maine (Fig. 3-1, Table 3-1). Each restricted or restored site was paired 
with an adjacent downstream, unrestricted (“reference”) site that was sampled on the 
same day (n=16 marshes; 4 restricted, 4 restored, 8 reference). Three sampling stations 
were randomly selected a priori along the main tidal creek within each of the 16 
marshes (n=48 experimental units). Because we employed a matched pairs 
experimental design, data from restricted marshes were only compared to data from 
the adjacent reference marshes, and data from restored marshes were only compared to 
data from adjacent reference marshes (i.e., four “marsh types” were analyzed; 
restricted/reference; restored/reference; Table 3-1). At the Stony Brook, MA site two 
undersized, failing culverts were replaced between the first and second year of our 
study due to funds appropriated for ‘shovel-ready’ habitat restoration projects 
(American Recovery and Reinvestment Act of 2009). However, because the other sites 
had tidal restrictions removed 11-22 years earlier we still classified year 2 data as 
restricted in the analysis.  
 
Site characteristics are reviewed in Table 3-1 [63-76]. Introduced P. australis was 
more prevalent in restricted marshes than in the restored marshes (K.L. Dibble, 
personal observation). At restored marshes the increase in tidal flow and associated 
salinity over time has decreased the cover of introduced P. australis and/or forced 
distributional shifts of the invasive plant toward the upland edge of the marsh 
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[35,71,75]. The restored marshes are all marsh meadow systems with restrictions 
dating back to 1848 that were put in place to enhance hunting, agriculture, commerce, 
and flood control. They have been undergoing restoration for 1-2 decades as 
evidenced by similarity in mean tidal range and salinity relative to adjacent reference 
marshes. The restricted marshes are all tidal riverine systems diked dating back to the 
1700’s for agriculture (salt hay farming), salt works, flood control, and/or to facilitate 
commerce/travel [63-76]. Mean tidal range and salinity in the restricted marshes is 
lower relative to adjacent reference marsh meadows and fringing marshes (Table 3-1), 
facilitating the observed invasion by P. australis. Although our study design does not 
allow us to separate the effects of tidal restrictions from the effects of P. australis 
invasion, these two factors are often successive in New England salt marshes and both 
work to reduce tidal range and marsh surface access and hence, nekton support 
functions [24,40,71,77].  
 
Field Data 
We collected data on water column salinity (ppt), temperature (°C), and dissolved 
oxygen (mg/L) at each station using a YSI-85 (2010) and a YSI Pro-2030 (2011). 
Water quality data were spot measurements (n=1 per station per time period) taken 
from approximately mid-way through flood tide to peak high tide (prior to ebbing) 
when fish were removed from the water column. We collected water quality data from 
all sites in fall 2010, summer 2011, and fall 2011, but only from the four southern sites 
in Connecticut and Rhode Island in summer 2010 (due to equipment malfunction). 
Sampling dates were as follows: summer 2010 (7/12-7/25, 7/29), fall 2010 (9/22-
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10/3), summer 2011 (7/11-7/23), and fall 2011 (9/25-10/7). Study sites were sampled 
along a south-to-north transect in summer, and then along a north-to-south transect in 
fall to account for seasonality changes in the marshes. For gravidity data, sites were 
sampled during one lunar cycle in summer 2010 (new moon on 7/11/10, full moon on 
7/26/10), while sites were sampled during the days leading up to and just past full 
moon (7/15/11) in summer 2011. 
  
On flood tide at each station on every sample date we deployed two minnow traps 
containing bait in enclosed mesh packets (to prevent consumption). All traps were 
placed within one meter of the salt marsh bank parallel to the shore in the main tidal 
creek of each system [78]. After 30 minutes we combined the fish contents from both 
traps and randomly selected eight male and eight female adult F. heteroclitus (>40mm 
in fork length) representing the longest (2 male, 2 female), shortest (2 M, 2 F), and 
intermediate (4 M, 4 F) size ranges of fish available. Sixteen fish were selected per 
station (15 fish analyzed, 1 stored in -80°C freezer) because previous power analyses 
and other analyses using nekton species composition, abundance, length, and 
biochemical data indicated that replicate samples of 5-15 F. heteroclitus was sufficient 
to detect trends between marsh types [16,79,80]. We measured fork length (nearest 
millimeter) and wet weight (nearest centigram), quantified external parasites 
(ectoparasites) on the body surface, and then humanely euthanized fish in the field 
using a sharp knife and the guillotine method. In the laboratory, we quantified internal 
parasites (endoparasites) infecting the liver, heart, and abdominal cavity, recorded 
female gravidity status (eggs present/absent), and removed and discarded fish 
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digestive tracts and regurgitated food. We calculated parasite infection intensity, 
prevalence, and weighted prevalence [81,82] using all data from 2010-2011. We 
rinsed fish in DI water then froze and freeze-dried the 16 fish from each station. Of the 
16 fish, five female and five male fish were randomly selected, ground, and stored in a 
-80°C freezer for lipid extraction. Five fish (2 male/3 females, or 3 female/2 males) 
from each station were stored in a -80°C freezer, with the field-decapitated head used 
for otolith measurements.  
 
Laboratory Data 
Physiological Condition and Growth 
Proximate Body Composition (Lipid/Lean Dry/Water) 
In 2010 and 2011 we extracted whole-body lipid reserves from 1,920 adult fish 
(n=960 fish/year). Powdered fish samples were packed into pre-weighed Whatman 
cellulose extraction thimbles, dried to a constant weight in a 50°C oven overnight, re-
weighed pre-extraction, extracted for six hours using petroleum ether and a Soxhlet 
apparatus, dried in a 50°C oven overnight, and then re-weighed post-extraction [83]. 
We selected petroleum ether as the non-polar lipid solvent because it is highly 
effective at removing neutral lipids (energy reserves) while minimizing loss of non-
lipid, structural material [83]. We determined the percent lipid (% dry), lean dry mass 
(% dry), and water (% wet) of individual fish using the following equations: 
(i) % lipid = [(pre-extraction dry wt. (g) – post-extraction dry wt. (g))/(pre-
extraction dry wt. (g) – dry thimble weight (g)] x 100 
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(ii) % lean dry mass = [(post-extraction dry wt. (g) – dry thimble wt. (g))/(pre-
extraction dry wt. (g) – dry thimble wt. (g)] x 100 
(iii) % water = [fish wet wt. in field (g) – (pre-extraction dry wt. (g) – dry thimble 
wt. (g))/fish wet wt. in field (g)] x 100 
 
Fish Age and Recent Daily Growth Rate 
Radtke and Dean [84] verified daily increment formation using F. heteroclitus 
sagittae, finding that daily increments form regardless of growth rate, which is faster at 
higher water temperatures (30°C vs. 24°C). Therefore, we can use sagittal otolith 
increments to determine the age and growth rates of F. heteroclitus living in different 
environmental conditions. We removed pairs of sagittal otoliths from 960 adult fish 
(n=480 fish/year) using a dissecting microscope and the ‘crunch and crumble’ 
extraction method [85]. Otoliths were cleaned in distilled water and 10% bleach, 
treated with 95% ethanol, and then dried in an oven (1 h at 50°C). We mounted the 
pair of otoliths on standard microscope slides (sulcus side down), covered in Cargille 
immersion oil (Type FF, nonfluorescing). All measurements were done using the right 
otolith for consistency, unless the right was broken or could not be located during 
extraction. In that case, measurements were done on the left otolith. Using a Zeiss 
Stereo Microscope (Discovery, v12), high-powered objective (Plan Apo S 3,5x), and 
image analysis software (AxioVisionRel.4.8), we recorded fish age under transmitted 
light (# dark annular rings, magnification 100x) [59].  
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To verify the relationship between otolith growth and somatic growth [56], we took 
three measurements of total otolith radius (µm) and calculated the mean. We also took 
three measurements of total otolith height and length and calculated the mean for each 
otolith. Under reflected light and high magnification (560x), we measured the distance 
between the margin of the otolith in the postero-dorsal region [86,87] back to the 10th 
daily growth ring three times, took the mean of the three separate measurements, and 
divided the measurement by 10 days to compute the Recent Growth Index (in µm) 
[48,57]. Recent daily growth measurements from readable otoliths were re-measured 
by a second reader 2-3 months later. We discarded any otoliths for which the first and 
second growth measurements were not within 10% of each other and report the mean 
of the first and second measurements [88-91].  
 
Morphological Condition  
During field collections, we recorded the fork length and wet weight of 1,487 fish in 
2010 and 1,529 fish in 2011. We use a common morphometric index of fish condition, 
Fulton’s Condition Factor (K), to compare the condition of adult fish. It is calculated 
using the following equation: 
(iv) K=100*(W/L3) 
Where W= weight of fish (mg) and L= fork length of fish (mm) [55]. Fulton’s K 
assumes that heavier fish of a given length are in better condition; therefore this index 
can be used as an indicator of energy storage. We compared the results of K to the 
results of Multiple Linear Regression using categorical variables for each marsh type 
(restricted, restored, reference).  
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Statistical Analyses 
In total, our main experiment included two paired marsh comparisons (restricted vs. 
reference; restored vs. reference). Each of the 48 Experimental Units (EU) were 
visited twice in 2010 (n=96) and twice in 2011 (n=96). Because we collected samples 
from each EU over time, we analyzed data using repeated measures mixed model 
ANOVA (Statistical Package SAS, v 9.2). To avoid pseudoreplication we took the 
mean of each response variable collected on each EU on each sampling date (i.e., the 
mean of 10 fish for proximate body composition, 5 for recent daily growth, 16 for 
morphology). The exception to this was water quality data, for which we had one data 
point per EU on each sample date (except the four sites in summer 2010, as discussed 
above). We used SLICES in the model to examine interaction effects to determine 
whether there were significant differences in the response after explanatory variables 
were incorporated into the model (i.e., marsh type, time, region, parasitism status, 
gravidity, sex). We used Heterogeneous Autoregressive (1) as our covariance structure 
because it assumes that data that are farther apart in time will be less similar and that 
each time period has its own unique variance. Assumptions of normality and equality 
of variances within datasets were verified prior to all statistical analyses. We arcsine-
square-root transformed our percent lipid, lean dry, and water data prior to analysis. 
For proximate body composition and growth rate data we incorporated mean fish 
length into the model as a covariate to ensure significant differences were attributable 
to marsh type and not differences in fish size [49]. Significance was determined at the 
α=0.05 level. We developed figures and graphics using SigmaPlot (v. 9.0) and the R 
statistical software environment (v. 2.14.1). 
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Proportions of gravid and/or parasitized fish were compared between habitats using 
Two Sample Tests for Proportions; data is reported as the mean ± proportional 
standard deviation. A continuity correction was conducted for the restricted vs. 
reference gravidity data to increase the quality of the normal approximation to the 
binomial distribution. To determine whether it was necessary to remove afflicted 
individuals from the analysis, we quantified the effects of parasitism and gravidity on 
fish lipid mass and morphology using repeated measures ANOVA. Due to unequal 
sample size (>2x), we analyzed the effects of parasitism/gravidity on recent daily 
growth using Welch’s t-tests. We used Simple Linear Regression to model the 
relationship between fish length and otolith radius in healthy fish (i.e., those without 
ecto/endoparasites or eggs present) and examined homogeneity of fish age class 
distributions using Chi Square Tests of Homogeneity. Lipid and lean dry mass results 
are presented as a percentage of fish dry weight, water mass as a percent of wet 
weight, growth as the mean recent daily growth increment of the otolith (in 
micrometers), and morphology as a unitless index value (K). Means are reported for 
each statistic ± standard deviation.  
 
Results 
Field Data 
Water Quality 
We collected 164 sets of water quality data from the 48 stations from 2010-2011 
(Table 3-2). In the restored vs. reference sites in Long Island Sound (LIS), we found 
no significant difference in salinity (p=0.9717; t40=0.04), temperature (p=0.4287; t40=-
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0.80), or dissolved oxygen (p=0.3747; t40=-0.90), which mirrored results in the Gulf of 
Maine (GOM; salinity: p=0.9542, t40=-0.06; temperature: p=0.8690, t40=-0.17; 
dissolved oxygen: p=0.5496, t40=0.60). In LIS, we found a highly significant 
difference in salinity between restricted vs. reference sites (p=0.0019; t40=3.33), but 
not for temperature (p=0.1588; t40=-1.44) or dissolved oxygen (p=0.3821; t40=-0.88), 
which also mirrored results in the GOM (salinity: p<0.0001, t40=11.89; temperature: 
p=0.1409, t40=-1.50; dissolved oxygen: p=0.2253, t40=-1.23; Table 3-2). 
 
Parasitism and Gravidity 
Fundulus heteroclitus were infected by a range of parasites including sea lice 
(Branchiura), anchor worms (Copepoda), flat worms (Monogenea, Digenea), internal 
cavity worms infecting the liver, intestines, and mesenteries (Cestoda, 
Acanthocephala), and the internal nematode parasite, Eustrongylides spp. We grouped 
data by parasite location (ecto/endo) and found that fish in the restricted marshes had 
the highest overall prevalence and weighted prevalence of parasite infection among 
the marsh types (Table 3-3). Overall infection intensity was also highest for the 
restricted marsh fish. We analyzed the proportion (prevalence) of parasitized fish by 
marsh type and found no significant difference between the reference (n=62/755; 8.21 
± 1.00%) vs. restored marsh fish (n=72/751; 9.59 ± 1.07%; p=0.3486, Z=-0.94; Fig. 3-
2; Table 3-3). However, we found significantly more parasitized fish in restricted 
marshes (n=185/756; 24.47 ± 1.56%) in comparison to adjacent reference marshes 
(n=125/754; 16.58 ± 1.35%; p=0.0001; Z=-3.80; Fig. 3-2; Table 3-3). Within the 
female population collected over our entire study period (2010-2011), there was no 
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difference in the proportion of gravid fish in the reference (n=27/397; 6.80 ± 1.26%) 
vs. restored marshes (n=29/378; 7.67 ± 1.37%; p=0.6397; Z=-0.47; Fig. 3-2). 
However, we did find significantly fewer gravid fish inhabiting the restricted 
(n=10/392; 2.55 ± 0.80%) vs. reference marshes (n=32/385; 8.31 ± 1.41%; p=0.0007; 
Z=3.55; Fig. 3-2) from 2010-2011.  
 
Laboratory Data 
Physiological Condition and Growth 
Proximate Body Composition (Lipid/Lean Dry/Water) 
We successfully extracted whole body lipids from 1,915 of 1,920 fish captured from 
2010-2011. Approximately 14.67% (n=281) of the fish analyzed for proximate body 
composition were parasitized. Incorporation of parasitism status into a repeated 
measures ANOVA revealed a significant negative effect on lipid stores when fish 
length was added as a covariate (p=0.0181; F1,37=6.12), with lower lipid reserves in 
parasitized fish (  = 7.90 ± 2.89%) than in unparasitized fish (  = 8.44 ± 2.55%). 
Approximately 6.84% (n=68) of the fish analyzed for proximate body composition 
were gravid. The unparasitized gravid female fish had significantly less lipid than the 
non-gravid females (p<0.0001; F1,20=88.44). These effects were highly significant and 
consistent across marsh types, with gravid females averaging 4.89 ± 1.92% lipid and 
non-gravid females averaging 8.33 ± 2.04% lipid, indicating a significant allocation of 
energy reserves to reproduction. Since we found significant negative effects of 
parasitism and gravidity on lipid mass, we removed all gravid and afflicted fish from 
further analyses to eliminate confounding effects and clarify the interpretation of our 
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results (n=338/1,915 removed; 17.65%). The fish in all subsequent lipid analyses 
represent unparasitized, non-gravid (termed “healthy”) individuals in the population 
(n=1,577). A consequence, however, is that the mean from each EU became 
unbalanced (i.e., n<10).  
 
Using pooled data by sex across habitat/time periods, we found that fish in the Gulf of 
Maine had significantly more lipid than those in Long Island Sound (p<0.0001; 
F1,40=125.70), which was consistent by season and suggests influences of 
countergradient variation [92,93]. Overall, females contained more lipid than males 
(p=0.0001; F1,40=18.64; Table 3-4). We found significant differences overall by season 
(p<0.0001; F3,120=30.67), with fall fish (pre-hibernation) having significantly more 
lipid than summer fish (post-reproduction) in both 2010 (p=0.0008; t120=3.43) and 
2011 (p<0.0001; t120=7.66; Table 3-4). By marsh type, we found no difference in the 
lipid mass of healthy fish inhabiting the restored vs. reference marshes (p=0.2445; 
t40=1.18; Table 3-4; Fig. 3-3a). When we analyzed the interactions between marsh 
type, region, time, and sex we found a significant difference between the restored and 
reference habitats in LIS (p=0.0278; t40=2.28), which was likely driven by differences 
in males in fall 2010 (p=0.0129; t40=2.60). We found a highly significant difference in 
lipid mass between fish inhabiting the restricted vs. reference marshes (p=0.0013; 
t40=3.45; Tables 3-4; 3-5; Fig. 3-3a). Significant differences between restricted and 
reference marsh fish held with comparisons of fish from the GOM, LIS, in three of the 
four time periods sampled, and for both males and females (Table 3-5). 
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We analyzed lipid-free dry mass (composed primarily of protein and bone/ash) in 
healthy fish to examine investment in body structure vs. lipid storage. Because we 
analyzed data on a dry weight basis, % lipid and % lean dry mass are the only two 
proportions in dry fish weight. Therefore, the statistics reported (Table 3-5) are nearly 
identical, but in the opposite direction. Overall, lean dry mass constituted a lower 
proportion of fish body weight in the GOM than in LIS (p<0.0001; F1,40=125.70) and 
lean dry mass in females was lower than that of males (p=0.0001; F1,40=18.64; Table 
3-4). By marsh type, we found no difference between the restored and reference sites 
in the proportion of mass allocated to structure (p=0.2445; t40=-1.18) or water 
(p=0.6547; t40=-0.45; Table 3-4; Figs. 3-3b,c). We found a highly significant 
difference between the restricted and reference sites in the proportion allocated to 
structural mass (p=0.0013; t40=-3.45) but not for water mass (p=0.5213; t40=-0.65; 
Tables 3-4; 3-5; Figs. 3-3b,c). We also found no difference in water mass by region 
(p=0.0826; F1,40=3.17) and for most of the interactions (Table 3-5).  
 
Fish Age and Recent Daily Growth Rate 
Our capture and fish selection methodology was designed to gather information from a 
range of fish sizes present at each site, so we analyzed whether the proportion of age 
classes differed between marsh systems. We report age data from 465 fish in 2010 and 
479 fish in 2011. From 2010-2011, we captured five age classes of fish (ages 0, 1, 2, 
3, 4). Although it was not our intent to capture fish in the age 0 class (i.e., those in 
their first year of life), we captured 31 fish in fall 2011 that had grown to at least 
40mm and were therefore included in our field collections. Chi Square Tests of 
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Homogeneity revealed a significant difference in age class distributions between 
restored vs. reference marsh systems (p=0.0280; χ24 = 10.8785; n=473; Fig. 3-4) but 
not between the restricted vs. reference marshes (p=0.3643; χ24 =4.3211; n=471; Fig. 
3-4). Within the four marsh types, the frequency of the smallest age classes (ages 0 
and 1) was highest in reference marshes adjacent to restored sites (n=78; 32.77%) and 
lowest in the tidally restricted marshes (n=33; 14.04%). Fish in the other two marsh 
groups were intermediate (restored: 56 fish, 23.83%; reference adjacent to restricted: 
47 fish 19.92%; Fig. 3-4). Therefore, reference marshes adjacent to restored marshes 
harbored the largest proportion of young fish. 
 
Due to unclear daily growth rings or other structural abnormalities in the otoliths (e.g., 
irregular accretion of calcium carbonate along the edge, resulting in a scalloped 
morphology) we initially discarded 263 fish from our study, with an additional 155 
discards due to a >10% difference between the first and second growth readings. In 
total we analyzed growth rate data from 542 fish from 2010-2011 (56.5%). Our 
approach is consistent with other studies that have selected only the clearest otoliths 
for microstructure analysis (top 15.7%) [91] or discarded data from up to 44.9% of 
samples due to imprecise increment patterns, accessory primordia, or errors during 
sample preparation [89,92-94].  
 
An analysis of the effects of parasitism and gravidity did not reveal significant 
negative effects on fish growth rate (p=0.7739; t94.26=-0.288); however, we removed 
an additional 81 parasitized and/or gravid individuals from the growth rate analysis to 
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be consistent in our interpretation of results across physiological and morphological 
analyses, resulting in growth rate data for 461 healthy fish. Using simple linear 
regression we found a highly significant relationship between fish length and otolith 
radius for healthy fish (p<0.0001; r2=0.6628; Otolith radius = -2.77341 + 0.09572*fish 
length; Fig. 3-5). Therefore, the marginal ten increments of F. heteroclitus otoliths can 
be used as a reliable indicator of recent daily growth at our sites.  
 
Using the healthy individuals in the population and fish length as a covariate, we 
found that females grow significantly faster than males (p=0.0461; F1,38=4.25; Table 
3-6), so we separated our model by sex. Unlike our lipid mass results, we found no 
difference in the growth rate of fish residing in the GOM vs. LIS (p=0.2786; 
F1,40=1.21). However, we did find a significant effect of season in the marshes, with 
fish growing at a higher rate in summer than in fall in both 2010 (p<0.0001; t93=-
13.63) and 2011 (p<0.0001; t93=-8.58; Table 3-6). The higher growth rate in 2010 
across habitats, regions, and seasons corresponds generally to a lower investment in 
energy storage (Tables 3-4, 3-6), whereas in 2011 the relationship is reversed (lower 
growth rate, higher energy investment), indicating potential trade-offs in somatic 
investments that may shift from year to year. Seasonally, fish in the summer are 
growing faster but have depleted lipid stores, whereas in fall the fish are growing 
slower but have significantly higher lipid reserves.  
 
By marsh type, we did not detect differences in the growth rate between fish residing 
in restored vs. reference marshes (p=0.2506; t40=1.17), nor between fish in the 
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restricted vs. reference marshes (p=0.5153; t40=0.66; Table 3-6). However, we did 
detect a difference in growth rate between the restored and reference sites within the 
LIS region (p=0.0389; t40=2.14) that mirrors our proximate body composition data. 
The difference in LIS appears to be driven by the males (p=0.0201; t38=2.43) rather 
than the females, which were equivalent between marsh types (p=0.5327; t38=0.63). 
For the restricted vs. reference fish, none of the interactions for growth rate by season, 
region, and time were significant (p>0.05), indicating that fish of similar lengths are 
growing at the same rate in both the restricted and reference habitats despite the 
differences in allocation of resources to lipid storage (Tables 3-4, 3-6). 
 
Morphological Condition  
Fulton’s Condition Factor (K) 
Analysis of morphology data using Fulton’s K in our repeated measures ANOVA 
revealed no overall negative effect of parasitism/gravidity on fish condition 
(p=0.7453; F1,40=0.11). However, to be consistent in our interpretation of results 
across analyses we removed all afflicted individuals from the analysis (n=517). Using 
only healthy fish (n=2,499), we found no significant difference between the restored 
vs. reference (p=0.6273; t40=-0.49) or the restricted vs. reference marsh fish 
(p=0.4962; t40=0.69). Analysis of possible interactions between marsh type, region, 
time, and sex revealed only one significant difference between the reference and 
restricted marsh fish in fall 2010 (p=0.0458; t120=2.02), with Fulton’s K indicating that 
reference marsh fish were in better condition than those in restricted marshes. We did 
find a difference between the summer and fall seasons in 2010 (p=0.0016; t120=-3.22) 
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and a marginal difference in 2011 (p=0.0570; t120=-1.92), but the effect was in the 
opposite direction, with Fulton’s K labeling summer fish (post-reproduction) healthier 
than those in fall (pre-hibernation) in both years. In addition, this morphological index 
did not detect trends in condition between sexes (p=0.3804; F1,40=0.89) or regions 
(p=0.7849; F1,40=-0.27) found using physiological indices. 
 
Length-Weight Relationships  
We analyzed length-weight relationships using Multiple Linear Regression (with 
categorical variables for the marsh types). Examination of fit statistics (AIC, AICC, 
BIC), output from the regression coefficient hypothesis tests, adjusted R2, and 
multicollinearity statistics (tolerance, variance inflation factor) revealed that quadratic 
models best explained the length-weight relationships for the restored, restricted, and 
reference marsh fish (Figs. 3-6a,b). The restored and reference fish populations were 
best explained by one line with the following equation (adj. R2=0.9691; p<0.0001; 
Fig. 3-6a): 
Fish mass = 1.52097 – 0.11079 (fish length) + 0.00218 (fish length)2 
There was a strong positive linear relationship (p=0.0058) as well as evidence of a 
curvilinear relationship (p<0.0001) between fish length and weight, with the intercept 
not significantly different from zero (p=0.2329). For the restricted vs. reference marsh 
fish, one regression line again best explained both populations (adj. R2=0.9602; 
p<0.0001; Fig. 3-6b):  
Fish mass = 3.04263 – 0.16490 (fish length) + 0.00267 (fish length)2 
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There was a strong positive linear relationship (p=0.0009) and evidence of a 
curvilinear relationship (p<0.0001) between fish length and weight, with no difference 
in intercept (p=0.0668). Combined with results using the Fulton’s K condition factor, 
results indicate that fish at our study sites are morphologically indistinguishable. 
 
Discussion 
Tradeoffs between Fish Growth, Energy Storage, and Reproduction 
Our study demonstrates that fish residing in tidally restricted marshes invaded by P. 
australis allocate a greater proportion of resources to maintaining growth and body 
size than to building lipid stores relative to reference marsh fish. Results were 
consistent by gender, region, and for three of the four seasons sampled. Our findings 
suggest potential tradeoffs between growth, energy storage, and reproduction 
potentially due to reduced habitat quality, a decrease in access to invertebrate prey on 
the marsh surface, and lack of habitat refugia to avoid larger predators. 
 
Access to the marsh surface is ultimately influenced by the frequency, depth, and 
duration of tidal flooding, with nekton exhibiting a positive relationship between 
marsh selection and flooding duration [6]. Although we did not collect data on marsh 
surface flooding at our sites, we collected samples on flood tide and only observed 
flooding of P. australis at the fringe of one of the four restricted sites (Herring River), 
whereas all reference and restored marshes flooded daily on high tides. Flooding of 
the marsh surface in invaded tidally restricted salt marshes is influenced by both the 
reduction in tidal range due to the restriction (Table 3-1) and by the increase in marsh 
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surface elevation due to introduced P. australis [95]. At one of our study sites 
(Hatches Harbor), Smith et al. [35] measured tidal range pre-restoration and found that 
tidal range in the restricted marsh was only 39% of that measured in the adjacent 
unrestricted marsh. At another one of our sites (Galilee), the depth and duration of 
flooding in the restricted marsh increased post-restoration, whereas the reference 
marsh remained the same [25]. Osgood et al. [96] found that a P. australis-invaded 
(unrestricted) marsh in Connecticut was 29.0 cm higher in elevation than an adjacent 
S. alterniflora marsh, resulting in a reduction in flooding frequency by 52%. Similarly, 
Hunter et al. [97] documented declines in marsh surface flooding depth from the initial 
(6.0 ± 0.5cm), early (3.9 ± 1.3cm), to late (2.4 ± 0.8cm) invasion stages that 
corresponded with reductions in flooding frequency by 7%, 16%, and 37%, 
respectively, in three P. australis-invaded (unrestricted) salt marshes in the mid-
Atlantic region. 
 
Our data suggest that with reduced or limited access to the marsh surface, F. 
heteroclitus in tidally restricted marshes invaded by P. australis are not obtaining 
dietary prey items needed to supplement their energy intake. Invertebrate prey on the 
marsh surface can differ than those typically found in subtidal creeks, with the former 
composed of isopods, gastropods, insects, spiders, beetles, amphipods, and ostracods 
and the latter composed of copepods, amphipods, and polychaetes [98]. The guts of 
fish allowed access to marsh surface can be up to six times fuller than those restricted 
to unvegetated subtidal creeks [98], providing resources necessary for significantly 
higher growth rates and weight gain [4,12,14,15]. In unrestricted P. australis marshes 
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in the Hudson River estuary, Weinstein et al. [16,99] reported reductions in the energy 
reserves (triacylglycerols, free fatty acids, total lipids) of fish, which they attributed to 
reduced flooding frequency and access to the marsh surface for feeding. Therefore, 
decreased lipid reserves detected in our study could be due to lack of fish access to 
invertebrate prey on the marsh surface.  
 
A second potential reason for reduced lipid reserves relates to increased movement of 
fish due to predation risk and reduced habitat refugia at high tide. For F. heteroclitus, 
predation risk is of primary importance in determining habitat use [45,46,100]. At low 
tide, F. heteroclitus will occupy depositional areas of water channels where prey is 
less abundant but predation pressure is low [45]. When the tide rises, fish flood onto 
the marsh surface to feed and escape predators [45], with adult F. heteroclitus moving 
farther onto the marsh surface than juveniles, which stay near the marsh fringe [19]. 
Increased risk of predation could confine movement of F. heteroclitus to areas with 
poor prey availability [45], decrease growth rates [46], or increase movements to 
avoid capture from predatory fish and wading birds [101,102], thereby decreasing 
resources available for energy storage.  
 
We found gravidity in F. heteroclitus strongly influenced their lipid reserves. Not only 
did we detect a significant cost of reproduction in F. heteroclitus (as evidenced by 
reduced lipid stores in unparasitized gravid females), the decreased proportion of 
gravid fish in restricted marshes suggests that investment tradeoffs between growth, 
lipid storage, and reproduction are occurring in the restricted marsh fish. Competing 
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demands for energy acquisition, avoidance of predators while foraging, parasitism, 
and coping with seasonal fluctuations in north temperate estuaries influence energy 
allocation strategies in fish [49-51,61]. Notably, we did not find any differences in 
growth rate or morphology between the restricted, restored, or reference marsh fish, 
indicating investment into growth is a high priority across all populations. 
Reproduction is costly [50,92], so fish may choose to skip spawning and invest 
resources into growth and survival to enhance the chance of future success rather than 
deplete current lipid stores by spawning [50]. Whether decreased lipid reserves in 
unparasitized fish inhabiting restricted marshes were due to decreased foraging ability, 
increased movement due to predation, or some other factor, it appears that investment 
into lipid stores has been forgone in lieu of growth.  
 
Effectiveness of Tidal Restoration 
Restoring hydrologic flow to salt marshes to decrease the cover and height of 
introduced P. australis has been a standard restoration practice in New England for 
decades and is used to re-establish habitat quality for salt marsh nekton and birds 
[24,30]. Previous authors in New England have examined hydrologic restoration 
effectiveness using gut content analyses, nekton density, length frequency 
distributions, fish biomass, and species richness/diversity, with varying outcomes 
based on restoration longevity, tidal range, site location, species, and metric assessed 
[25,34,36,37,40,43,44,67,71,77,103]. Our results support the effectiveness of tidal 
restoration for nekton, as all environmental, physiological, and morphological indices 
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revealed that hydrologically restored marshes were equivalent in habitat quality for 
fish relative to adjacent reference systems.  
 
Notably, fish using the reference S. alterniflora marshes were smaller in length than 
those within the restored marshes, likely because we captured a significantly larger 
abundance of younger individuals (ages 0-1) in the reference marshes. Intertidal salt 
marshes serve as nurseries for young F. heteroclitus [3,4,19,100], which use small 
surface marsh pools and depressions for feeding and refuge during their first summer 
until they have obtained sufficient length to enter the tidal creek system [32,33,96,97]. 
Many of our restored sites are still changing and have yet to develop an extensive 
network of pools typical of salt marshes, so exposure of juveniles to predators may be 
higher than in reference marshes. Adult F. heteroclitus are known to consume their 
younger conspecifics so it possible that young-of-the-year fish are fewer in number in 
restored marshes simply due to predation [33,102].  
 
Over time, nekton patterns in the restored marshes can mimic those in reference areas 
as the hydrologic connection between habitats allows greater faunal and prey 
exchange [34,37,40,44]. Our results demonstrate that restored and reference salt 
marshes are equivalent in their provision of habitat to resident salt marsh fish as 
indicated by non-significant differences in energy reserves, growth rate, morphology, 
gravidity, parasite prevalence, and water quality 11-22 years post-restoration. The 
outcomes of our study agree with the findings of two recent meta-analyses (one 
global, one regional) that concluded that in degraded wetlands ecological restoration 
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of faunal communities can rapidly occur within the timeframe of 5-10 years, 
especially where there is a hydrologic connection to an intact marsh system [104, K.L. 
Dibble, unpublished data]. Although other wetland functions such carbon storage and 
nutrient cycling may take many more years to achieve [104], habitat quality for fauna 
can be restored relatively quickly in these systems. 
  
Conclusions 
Tidally restricted salt marshes invaded by introduced P. australis have been the focus 
of restoration efforts due to measurable differences in biodiversity and ecosystem 
function. We demonstrated that fish in restricted, restored and reference marshes are 
morphologically similar so that an assessment of condition based on fish length or 
biomass might not capture the physiological effects of poor habitat quality on resident 
fish populations. Instead, we used biochemical condition indices and examined 
parasites and gravidity and were able to detect trends in the health of a common marsh 
resident. Numerically dominant along the Atlantic coast, F. heteroclitus consume salt 
marsh herbivores/detritivores and are prey to transient predators, thereby providing an 
important trophic link between intertidal marsh production and near- and offshore 
food webs [102]. Management efforts to restore tidal exchange and control the P. 
australis invasion in salt marshes should be a priority to ensure that forage fish 
populations are healthy and can support coastal fisheries.  
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Table 3-1.  Characteristics of our New England study sites.a  
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Table 3-2.  Mean water quality 2010-2011, by marsh type (standard deviations in 
parentheses; data pooled across regions and seasons). 
Response Salinity (ppt) Temperature (ºC) Dissolved Oxygen (mg/L) n 
Restored 28.62 (6.79) 21.44 (3.62) 6.98 (2.78) 42 
Reference 
(restored) 
29.89 (3.65) 20.41 (3.25) 7.15 (2.34) 41 
Restricted 14.19 (9.65) 21.98 (3.92) 7.50 (2.44) 39 
Reference 
(restricted) 
25.50 (4.78) 21.17 (3.86) 6.44 (2.55) 42 
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Table 3-3.  Parasites infecting Fundulus heteroclitus by marsh type, 2010-2011. 
 
  Ectoparasites Endoparasites Total 
Restored    
 Abundance 68 29 97 
Total Infected 56 18 72 
Infection Intensity 1.21 1.61 1.35 
Prevalence 7.46% 2.40% 9.59% 
Weighted Prevalence 9.05% 3.86% 12.92% 
Reference (restored)    
 Abundance 62 42 104 
Total Infected 53 13 62 
Infection Intensity 1.17 3.23 1.68 
Prevalence 7.02% 1.72% 8.21% 
Weighted Prevalence 8.21% 5.56% 13.77% 
Restricted    
 Abundance 91 396 487 
Total Infected 77 132 185 
Infection Intensity 1.18 3.00 2.63 
Prevalence 10.19% 17.46% 24.47% 
Weighted Prevalence 12.04% 52.38% 64.42% 
Reference (restricted)    
 Abundance 83 195 278 
Total Infected 69 70 125 
Infection Intensity 1.20 2.79 2.22 
Prevalence 9.15% 9.28% 16.58% 
Weighted Prevalence 11.01% 25.86% 36.87% 
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Table 3-4.  Mean proximate body composition of fish in study, 2010-2011 (standard 
deviations in parentheses; data by marsh type are pooled across regions and seasons; 
data by region, time, and sex are pooled across marsh types; reference marshes 
adjacent to the restored and restricted marshes are noted in parentheses). 
Response Lipid  
(% 
dry) 
Total 
lipid 
(g) 
Lean 
mass  
(% dry) 
Total 
lean mass 
(g) 
Water 
(% 
wet) 
Total 
water 
(g) 
Fish 
length 
(mm) 
Restored 8.78 
(2.69) 
0.08 
(0.05) 
91.22 
(2.69) 
0.84 
(0.38) 
80.14 
(1.66) 
3.62 
(1.50) 
69.7 
(9.5) 
Reference 
(restored) 
9.09 
(2.63) 
0.06 
(0.04) 
90.91 
(2.63) 
0.63 
(0.32) 
80.56 
(1.62) 
2.81 
(1.38) 
63.6 
(9.4) 
Restricted 7.48 
(2.61) 
0.06 
(0.04) 
92.52 
(2.61) 
0.75 
(0.32) 
80.54 
(1.42) 
3.26 
(1.29) 
67.0 
(8.7) 
Reference 
(restricted) 
8.62 
(2.49) 
0.10 
(0.07) 
91.38 
(2.49) 
0.96 
(0.46) 
80.04 
(1.75) 
4.59 
(5.21) 
71.6 
(10.0) 
Gulf of 
Maine 
9.90 
(2.20) 
0.10 
(0.06) 
90.10 
(2.20) 
0.92 
(0.44) 
80.20 
(1.58) 
4.23 
(3.89) 
71.2 
(10.4) 
Long 
Island 
Sound 
7.08 
(2.33) 
0.05 
(0.02) 
92.92 
(2.33) 
0.67 
(0.29) 
80.44 
(1.67) 
2.90 
(1.13) 
64.7 
(8.0) 
Summer 
2010 
7.51 
(2.22) 
0.06 
(0.04) 
92.49 
(2.22) 
0.76 
(0.28) 
81.71 
(1.54) 
3.63 
(1.25) 
69.9 
(7.1) 
Fall 2010 8.41 
(2.50) 
0.08 
(0.06) 
91.59 
(2.50) 
0.85 
(0.44) 
80.05 
(1.51) 
3.60 
(1.69) 
69.7 
(10.7) 
Summer 
2011 
7.72 
(2.25) 
0.07 
(0.05) 
92.28 
(2.25) 
0.86 
(0.41) 
80.30 
(1.10) 
3.72 
(1.67) 
69.0 
(9.4) 
Fall 2011 10.31 
(2.74) 
0.08 
(0.06) 
89.69 
(2.74) 
0.71 
(0.41) 
79.24 
(1.28) 
3.33 
(5.24) 
63.3 
(10.3) 
Males 8.23 
(2.87) 
0.07 
(0.05) 
91.77 
(2.87) 
0.75 
(0.38) 
80.18 
(1.76) 
3.24 
(1.46) 
66.9 
(9.5) 
Females 8.75 
(2.42) 
0.08 
(0.05) 
91.25 
(2.42) 
0.83 
(0.41) 
80.46 
(1.48) 
3.89 
(3.86) 
69.0 
(10.1) 
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Table 3-5.  Results of repeated measures ANOVA for the restricted vs. reference 
systems [Model terms: Marsh type (termed “Marsh”: comparison of restricted vs. 
reference); Time (comparison of the two marsh types within summer 2010, fall 2010, 
summer 2011, fall 2011); Region (comparison of the two marsh types within the Gulf 
of Maine vs. Long Island Sound)]. 
 % Lipid % Lean Dry Mass % Water  
Model Terms Sign.  t Sign.  t Sign.  t d.f. 
Marsh  p=0.0013 3.45 p=0.0013 -3.45 p=0.5213 -0.65 40 
Marsh x Region        
GOM p=0.0116 2.65 p=0.0116 -2.65 p=0.3746 -0.90 40 
LIS p=0.0305 2.24 p=0.0305 -2.24 p=0.9907 -0.01 40 
Marsh x Time        
Summer 2010 p=0.0519 1.96 p=0.0519 -1.96 p=0.4474 0.76 120 
Fall 2010 p=0.0112 2.58 p=0.0112 -2.58 p=0.3111 -1.02 120 
Summer 2011 p=0.0141 2.49 p=0.0141 -2.49 p=0.3092 -1.02 120 
Fall 2011 p=0.1970 1.30 p=0.1970 -1.30 p=0.5632 -0.58 120 
Marsh x Sex        
Males p=0.0068 2.85 p=0.0068 -2.85 p=0.1892 -1.34 40 
Females p=0.0027 3.20 p=0.0027 -3.20 p=0.7592 0.31 40 
Marsh x Region x 
Sex 
       
GOM, Males p=0.0096 2.72 p=0.0096 -2.72 p=0.0400 -2.12 40 
GOM, Females p=0.0801 1.80 p=0.0801 -1.80 p=0.4887 0.70 40 
LIS, Males p=0.1964 1.31 p=0.1964 -1.31 p=0.8144 0.24 40 
LIS, Females p=0.0088 2.75 p=0.0088 -2.75 p=0.7863 -0.27 40 
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Table 3-6.  Mean otolith measurements for fish in study, 2010-2011 (standard 
deviations in parentheses; data by marsh type are pooled across regions and seasons; 
data for region, time, and sex are pooled across marsh types; reference marshes 
adjacent to the restored and restricted marshes are noted in parentheses). 
Response Daily 
Growth 
(µm) 
Otolith 
Radius 
(µm) 
Otolith 
Length 
(µm) 
Otolith 
Height 
(µm) 
Fish 
Length 
(mm) 
Fish Wet 
Weight 
(g) 
Restored 2.16 
(0.66) 
719.16 
(102.21) 
1496.63 
(207.74) 
1351.16 
(157.28) 
66.2 
(11.9) 
3.88 
(2.20) 
Reference 
(restored) 
2.26 
(0.74) 
669.96 
(99.81) 
1393.41 
(212.99) 
1271.54 
(167.68) 
61.7 
(11.5) 
3.09 
(1.84) 
Restricted 2.21 
(0.79) 
692.70 
(86.86) 
1450.01 
(193.28) 
1324.26 
(134.89) 
61.2 
(11.1) 
2.98 
(1.78) 
Reference 
(restricted) 
2.26 
(0.75) 
726.75 
(107.94) 
1559.24 
(227.14) 
1391.76 
(158.14) 
67.8 
(12.7) 
4.29 
(2.79) 
Gulf of Maine 2.20 
(0.64) 
681.37 
(99.97) 
1451.10 
(229.76) 
1317.49 
(172.15) 
67.0 
(13.0) 
4.05 
(2.59) 
Long Island 
Sound 
2.24 
(0.81) 
721.39 
(102.13) 
1495.87 
(209.91) 
1348.28 
(153.15) 
62.0 
(10.7) 
3.18 
(1.81) 
Summer 2010 3.03 
(0.64) 
720.36 
(92.25) 
1501.03 
(188.93) 
1355.08 
(134.94) 
67.7 
(10.0) 
4.06 
(1.96) 
Fall 2010 2.09 
(0.37) 
719.18 
(107.44) 
1520.13 
(250.34) 
1362.19 
(179.38) 
66.0 
(13.5) 
3.91 
(2.77) 
Summer 2011 2.39 
(0.54) 
728.15 
(103.99) 
1521.30 
(209.17) 
1380.89 
(153.29) 
67.6 
(10.6) 
3.77 
(1.85) 
Fall 2011 1.53 
(0.19) 
655.91 
(93.36) 
1384.16 
(202.22) 
1261.84 
(156.15) 
58.4 
(11.3) 
2.84 
(2.10) 
Males 2.21 
(0.71) 
691.85 
(96.71) 
1461.51 
(207.13) 
1330.16 
(157.45) 
62.8 
(10.8) 
3.23 
(1.72) 
Females 2.23 
(0.75) 
712.53 
(108.28) 
1487.33 
(233.71) 
1336.65 
(169.28) 
66.1 
(13.1) 
3.99 
(2.67) 
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FIGURES: CHAPTER 3 
Figure 3-1.  Map of study site locations in New England. 
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Figure 3-2.  Proportion of fish parasitized (circles; females and males) or gravid 
(triangles; females only) by marsh type. Data is presented as the mean proportion ± 
standard deviation. 
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Figure 3-3.  Proximate body composition of fish. Healthy fish only- data pooled across 
seasons, regions, and sex. Outlier circles represent the 5th and 95th percentiles and 
error bars the 10th and 90th percentiles for each population. (A) % lipid mass (dry 
weight). (B) % lean mass (dry weight). (C) % water mass (wet weight). 
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Figure 3-4.  Number of fish captured by age group and marsh type.  
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Figure 3-5.  Fish length vs. otolith radius for healthy fish (Otolith radius = -2.77341 + 
0.09572*fish length; p<0.0001; r2=0.6628). 
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Figure 3-6.  Fish length vs. wet weight for healthy fish. Data pooled across seasons, 
regions, and by gender. (A) Restored vs. reference fish. (B) Restricted vs. reference 
fish. 
  147 
 
CHAPTER 4 
 
Tidal restriction may reduce female fish gravidity in salt marshes 
by 
Kimberly L. Dibble1; Laura A. Meyerson1,2 
 
is in revision at Marine Ecology Progress Series 
 
                                                           
1 Department of Natural Resources Science, University of Rhode Island, 1 Greenhouse 
Road, Kingston, RI 02881. 
 
2 Institute of Botany, Department of Invasion Ecology, Academy of Sciences of the 
Czech Republic, Průhonice, CZ 252 43, Czech Republic. 
 
  148 
Abstract  
Tidally restricted marshes often exhibit reductions in tidal range and marsh surface 
flooding that facilitate invasions by non-native plants such as Phragmites australis. 
Marsh accretion is common in P. australis- invaded systems due to high rhizome, 
root, and aboveground plant biomass, which can potentially affect spawning substrate 
available to fish at high tide. We examined populations of female Fundulus 
heteroclitus in New England salt marshes and found a significant reduction in the 
proportion of gravid fish in restricted marshes invaded by P. australis relative to 
adjacent unrestricted marshes, but no difference between restored and unrestricted 
marshes. Our results suggest that increased tidal flushing has restored the 
environmental conditions and habitat substrate necessary for F. heteroclitus 
reproduction. Our analyses also indicate that differences in gravidity are likely due to 
the habitat itself and not mean fish size (length, weight) or abiotic factors 
(temperature, dissolved oxygen). To expand on our research findings future studies 
should sample female F. heteroclitus over the progression of lunar periods from mid-
May to late July, include metrics of fecundity and spawning stock biomass, and 
determine whether fish are semilunar or continuous spawners at study sites. 
 
Keywords: eggs; spawning; Phragmites australis; Fundulus heteroclitus; tidal 
restoration. 
 
Introduction 
Impoundments such as roads and bridges constructed across salt marshes reduce 
  149 
salinity, decrease tidal range, and cause marsh subsidence through the oxidation and 
decay of drained peat deposits (Portnoy and Giblin 1997). Combined with increased 
nitrogen inputs from coastal development, these factors have facilitated invasions by 
non-native plants including introduced Phragmites australis subsp. australis (common 
reed; hereafter introduced P. australis; Roman et al. 1984; Silliman and Bertness 
2004). Over time, the reduction in tidal range associated with the restriction (Roman et 
al. 1984; Raposa and Roman 2003; Raposa 2008) combined with the dense 
belowground network of roots and rhizomes and high aboveground biomass mat of 
living and slowly decomposing P. australis organic matter can increase marsh surface 
elevation relative to mean high tide (Meyerson et al. 2000; Able et al. 2003; Rooth et 
al. 2003).  
 
Current rates of marsh accretion due to P. australis colonization (3-4mm/year; Rooth 
et al. 2003) in combination with reduced marsh surface flooding frequency is reducing 
access to intertidal habitats used by fish and swimming crustaceans for feeding and 
refuge (Osgood et al. 2003; Hunter et al. 2006). Post-invasion changes in habitat 
structure may limit reproduction by hindering fish spawning and egg deposition on the 
marsh surface (Able and Hagan 2000; Balouskus and Targett 2012). In addition, the 
conversion of native marsh flora to introduced P. australis flattens marsh surface 
microtopography (Windham and Lathrop 1999) and decreases the availability of small 
water-filled depressions (Able et al. 2003) essential to larval and juvenile fish as 
nursery, feeding, and refuge habitats post-hatch (Able and Hagan 2000; Able et al. 
2003; Hunter et al. 2006). Over the past three decades, re-establishing tidal flow into 
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restricted New England salt marshes has proven to be an effective restoration strategy 
to eliminate or reduce P. australis cover, increase tidal range, and restore habitat 
function for nekton assemblages (Roman et al. 1984; James-Pirri et al. 2001; Warren 
et al. 2002; Raposa and Roman 2003; Chambers et al. 2012). 
 
Reproduction of Fundulus heteroclitus (mummichogs), a small abundant marsh fish, 
occurs in intertidal and subtidal salt marsh habitats in April-June south of New Jersey 
(Able et al. 2007). In southern populations (Fundulus heteroclitus subsp. heteroclitus), 
spawning coincides with the high spring tides of the full and new moons (termed a 
“semilunar cycle”) during which eggs are laid in high intertidal sites over a period of 
five or more days and then hatch two weeks later on the following spring tide (Taylor 
1986; DiMichele and Westerman 1997; Nordlie 2006). For populations north of New 
Jersey (Fundulus heteroclitus subsp. macrolepidotus), semilunar spawning periodicity 
may be reduced or relaxed, during which eggs may be continuously present in the 
body cavity (Wallace and Selman 1980, 1981; Taylor 1986; Petersen et al. 2010) and 
spawning can occur daily on the highest tides during May-June. This could be a 
physiological adaptation to a shorter breeding season or reflect increased energy 
available for reproduction, which would relax the temporal selectivity of spawning 
observed in southern populations (Petersen et al. 2010).  
 
Southern and northern populations of F. heteroclitus spawn on a variety of substrates 
near the high water mark in the intertidal zone, including decaying eelgrass/algae mats 
(Able and Hata 1984; Taylor 1986), bare gravel and mud associated with Spartina 
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patens (Petersen et al. 2010), in sand (Taylor 1986), in Geukensia demissa mussel 
shells, or within the first axils of S. alterniflora stems (Taylor and DiMichele 1983; 
Taylor 1986). Aerial exposure of eggs is essential to survival, but eggs must be 
deposited in a moist, protected area immersed by lunar or semilunar tides to avoid 
desiccation and to trigger hatching. When suitable protective habitat (e.g., loose sand, 
Spartina stem axils, mussel shells) is not available, F. heteroclitus will deposit eggs in 
exposed sites in the intertidal zone (i.e., plant roots, debris, wrack; Taylor 1986), 
potentially exposing adults to predation by terrestrial predators during spawning. 
Invasion by P. australis may reduce marsh spawning habitat for F. heteroclitus in 
several ways. The greater stem height of introduced P. australis over Spartina spp. 
(Farnsworth and Meyerson 2003) potentially renders the leaves of the invader 
inaccessible for egg deposition. Introduced P. australis leaves are tightly held to the 
stem by persistent culm sheaths, a suboptimal habitat for egg deposition (Raichel et al. 
2003). Fundulus heteroclitus will spawn on introduced P. australis stems but egg 
deposition only occurs in the hollows of broken dead culms that are submerged at high 
tide (Able and Hagan 2003) or if substrate is available adjacent to tidal creeks within 
P. australis stands (Raichel et al. 2003). Tidal creeks and rivulets are important access 
points for spawning that are often colonized during later invasion stages (Chambers et 
al. 1999; Able et al. 2003; Hunter et al. 2006), potentially making these habitats less 
accessible for reproduction and larval development (Able and Hagan 2000). 
 
To date, two studies have provided evidence that F. heteroclitus are reproducing in P. 
australis invaded marshes in the mid-Atlantic (via the presence of eggs; Able and 
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Hagan 2003; Raichel et al. 2003). However, to our knowledge, no study has examined 
female gravidity between unrestricted marshes that lack the invasive plant and 
restricted marshes colonized by P. australis. This research addresses the following 
questions: a) Is there a significant difference in the proportion of gravid females 
residing in tidally restricted vs. unrestricted marshes? b) Does gravidity differ between 
tidally restored and unrestricted marshes? and c) Are differences in the proportion of 
gravid females due to fish size or the habitat in which they reside? 
 
Methods 
Study Sites  
We selected four tidally restricted (hereafter, “restricted”) and four tidally restored 
(“restored”) salt marshes invaded by introduced P. australis in New England (Fig. 4-
1). We employed a matched pairs experimental design whereby each restricted or 
restored site was paired with an adjacent downstream, unrestricted (“reference”) site 
that was sampled on the same day (n=16 marshes; 4 restricted, 4 restored, 8 
reference). Based on previous studies, F. heteroclitus exhibit strong site fidelity and 
have limited movement between paired marshes (Fritz et al. 1975; Lotrich 1975; 
Skinner et al. 2005; Able et al. 2006; Eberhardt et al. 2011). Therefore, data from 
restricted marshes were only compared to data from the adjacent reference marshes, 
and data from restored marshes were only compared to data from adjacent reference 
marshes (i.e., four “marsh types” were analyzed; restricted/reference; 
restored/reference). Although our study design does not allow us to separate the 
effects of tidal restrictions from the effects of P. australis invasion, these two factors 
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are often successive in New England salt marshes and both work to reduce tidal range 
and marsh surface access and hence, nekton support functions (Roman et al. 1984; 
Warren et al. 2002; Raposa and Roman 2003; Eberhardt et al. 2011).  
 
The data presented herein is part of a larger multi-year research effort to biochemically 
quantify the impact of tidally restricted habitats on resident fish in comparison to 
unrestricted and restored marshes across a wide geographic area (Dibble and 
Meyerson, in press). Our related study was designed to avoid the F. heteroclitus 
spawning cycle; however, in 2011 fish exhibited delayed spawning in the Northeast as 
evidenced by the presence of ovulated, ripe eggs in female abdominal cavities. 
Spawning delays could have resulted from below seasonally cold air temperatures in 
winter associated with a strong negative phase of the Arctic Oscillation (NCDC 2011), 
record-breaking levels of precipitation consistent with spring La Niña patterns (NCDC 
2011) that increased freshwater input and runoff into coastal systems, and/or cold 
anomalies of spring sea surface temperature in May in Long Island Sound and off 
Cape Cod (NEFSC 2011). We subsequently captured large quantities of gravid fish, 
providing an opportunity to assess reproduction in our study system. Therefore, these 
data represent one sampling period during one reproductive season for this fish 
species. We sampled all sites from July 11-23, 2011 along a south to north transect 
(Fig. 4-1) corresponding to the days leading up to full moon (on 7/15/11) for fish at 
our southern sites (sampled 7/11, 7/12, 7/14, 7/15). We sampled northern sites as the 
full moon waned (7/18, 7/19, 7/20, 7/23; new moon on 7/30). 
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Field and Laboratory Data 
Our study sites are located within the northern population range of F. heteroclitus 
subsp. macrolepidotus (Morin and Able 1983; Able and Felley 1986; Powers et al. 
1986; Marteinsdottir and Able 1988, 1992) but we refer to our samples as F. 
heteroclitus throughout this manuscript. In July 2011 we collected F. heteroclitus from 
three randomly selected stations along the main tidal creek of each site (n=48 
experimental units). At each station we deployed two minnow traps, combined the 
contents from both, and then randomly selected eight female fish representing the 
largest, smallest, and middle size ranges of fish available. We measured (fork length, 
mm) weighed (nearest centigram), and humanely euthanized fish in the field using 
IACUC sanctioned procedures (protocol #AN09-05-020). In addition to collecting fish 
samples, we measured salinity (ppt), temperature (ºC), and dissolved oxygen (mg/L) 
with a YSI Pro-2030 at every station on each sampling date. These were spot 
measurements recorded from approximately mid-way through flood tide to peak high 
tide (prior to ebbing) when fish were removed from the water column.  
 
In the field and in the laboratory we noted that many gravid females extruded eggs 
from the body cavity with slight pressure to the abdomen. In the laboratory we used a 
scalpel and scissors to open the abdominal cavities of female fish and examined eggs 
(if present) under high light conditions. For our analysis, we used egg presence/ 
absence rather than specific metrics of fecundity (e.g., quantity of eggs) to assess fish 
gravidity. We only counted a fish as “gravid” if the fish was in the spawning phase of 
egg development, with transparent, ovulated eggs filling the body cavity.  
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Statistical Analysis  
We conducted all analyses using the SAS (v. 9.2) and R (v. 2.14.1) statistical software 
packages and developed figures using SigmaPlot (v. 9.0). July 2011 water quality data 
met assumptions of normality and we therefore compared marsh types using Analysis 
of Variance followed by Fisher’s Protected Least Significant Difference tests. We 
conducted separate ANOVA’s for each of the salinity, temperature, and dissolved 
oxygen variables.  
 
To determine whether the tidally restricted and restored marshes harbored fewer 
gravid F. heteroclitus in comparison to those in reference marshes, we examined each 
of our hypotheses with a test of two proportions using the Normal approximation to 
the Binomial distribution. Our data met the approximation and hypothesis test 
assumptions, so we proceeded to compare the proportion of gravid females between 
restricted vs. reference marshes and the restored vs. reference marshes. Since the 
probability of female gravidity was small in comparison to sample size in the 
restricted marshes (5 ≤ (n x π) ≤ 20), we conducted a continuity correction to increase 
the quality of the normal approximation for the restricted vs. reference comparison 
(Ott and Longnecker 2010).  
 
Because we captured a greater number of smaller fish in tidally restricted marshes in 
July 2011, we sought to determine whether differences in gravidity between marsh 
systems were due to fish size rather than the habitat itself. To examine our hypotheses, 
we used a logistic regression model with egg presence/absence as the response and 
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included regressors for marsh type, fish length (covariate), and the interaction between 
marsh type and fish length. We conducted a second logistic regression using fish wet 
mass instead of length as the covariate. We used fish in reference marshes (adjacent to 
restored marshes) as our baseline group in both logistic regressions because they 
represent the samples least affected by tidal restrictions. Logistic regression has been 
used to model the relationship between a binary response and a continuous variable in 
other ecological studies (Morgan 2004; Eisenbies et al. 2007) and is therefore 
appropriate for this analysis. 
 
Results 
Water Quality 
Water quality variables such as temperature can influence spawning, so we tested 
whether we could detect differences in salinity, temperature, and dissolved oxygen 
between the restricted vs. reference and restored vs. reference marsh types using data 
from July 2011. As expected, restricted marshes exhibited significant reductions in 
salinity relative to reference marshes (p<0.0001; t44=7.86; Table 4-1). Salinity in 
restored vs. reference marshes was equivalent (p=1.000; t44=0.00). There was no 
significant difference in temperature between the reference vs. restricted marshes 
(p=0.0592; t44=-1.94), but there was a significant difference in temperature between 
the reference and restored marsh sites (p=0.0101; t44=-2.69). Dissolved oxygen was 
equivalent between both marsh comparisons (restored vs. reference: p=0.2085, 
t44=1.28; restricted vs. reference: p=0.9238, t44=0.10; Table 4-1). 
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Proportion of Gravid Fish 
In total, we captured 389 female F. heteroclitus in July 2011, 85 of which were gravid 
(21.9%). We found a significantly lower proportion of gravid F. heteroclitus 
inhabiting restricted marshes vs. reference marshes (p=0.0047; χ21=8.01; Fig. 4-2). In 
restricted marshes, only 9 of 98 female fish were gravid (9.2%), whereas in the 
reference marshes, 25 of 98 (25.5%) fish were gravid. We found no significant 
difference in the proportion of gravid females residing in restored vs. reference 
marshes (p=0.5358; χ21=0.39; Fig. 4-2). In restored marshes, 27 of 95 females were 
gravid (28.4%), while in the reference marshes 24 of 98 fish were gravid (24.5%).  
 
Relationship Between Gravidity and Fish Size 
Larger, more mature female fish are more likely to be gravid than smaller and/or 
immature fish, so we examined the influence of fish size on reproductive capacity. 
Using logistic regression, we found a significant relationship between fish length and 
egg presence in our baseline group, reference (restored) (p=0.0115; χ21=6.38), but not 
for the restored (p=0.1603; χ21=1.97), reference (restricted) (p=0.8794; χ21=0.02), and 
restricted marsh types (p=0.5340; χ21=0.39; Tables 4-2, 4-3). We also found a 
significant relationship between fish wet mass and egg presence in our baseline group, 
reference (restored) (p=0.0047; χ21=8.00), but not for the restored (p=0.5309; 
χ21=0.39), reference (restricted) (p=0.4617; χ21=0.54), and restricted marsh types 
(p=0.9010; χ21=0.02; Tables 4-4, 4-5).  
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Discussion 
Our results provide evidence that the proportion of gravid F. heteroclitus in restricted 
marshes may be reduced relative to fish in unrestricted marshes. Fish reproduction is 
influenced by multiple environmental, biological, and physiological cues including 
(but not limited to) lunar phase, water temperature, habitat availability, fish size and 
maturity, and environmental stressors that necessitate physiological trade-offs between 
growth, reproduction, and survival.  
 
In this study we collected data on female fish gravidity due to anomalous seasonal 
conditions during the days leading up to and just past full moon. Most fish at our study 
sites are likely to be continuously gravid since they are from the northern population 
of F. heteroclitus macrolepidotus that can spawn daily regardless of the moon phase 
(Wallace and Selman 1980, 1981; Petersen et al. 2010). Fish from our southern sites in 
Connecticut are near the intergradation zone between subspecies (Able and Felley 
1986) and may exhibit semilunar spawning; however, even if this is the case, we 
collected fish from those sites during the peak spawning period in the days leading up 
to full moon. Therefore, differences in the proportion of gravid females between 
marsh types sampled on the same day lends credence to our results and it is more 
likely that fish labeled as non-gravid may not have been reproducing in 2011.  
 
Reproduction of F. heteroclitus is affected by water temperature and spawning habitat 
availability. Warmer water temperature behind tidal restrictions may increase the 
timing of spawning, which could have resulted in fewer gravid females at our 
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restricted study sites. However, analysis of temperature data from July 2011 indicates 
a slightly warmer but non-significant difference in water temperature between the 
restricted and unrestricted sites. The difference between restored and unrestricted 
water temperature was significant, with higher temperatures measured behind the 
opened culvert/restriction. Therefore, concerns that increased water temperature has 
stimulated spawning is not valid for our study system; otherwise we would have seen 
reduced gravidity in the restored marsh fish as well. 
 
While F. heteroclitus will deposit eggs in introduced P. australis stands (Able and 
Hagan 2003; Raichel et al. 2003), they do so only in areas adjacent to tidal creeks 
(Raichel et al. 2003), suggesting that marshes can maintain reproductive function if 
creeks remain open to tidal exchange. Changes in the depth, frequency, and extent of 
tidal flooding due to restrictions (Roman et al. 1984; Raposa and Roman 2003; Raposa 
2008) coupled with microhabitat changes in spawning substrate due to the plant 
invader (Raichel et al. 2003) could reduce the suitability of spawning habitat for F. 
heteroclitus or the survival of larval and juvenile F. heteroclitus post-hatch (Able and 
Hagan 2000). Over the long term, fish isolated in restricted marshes due to 
impoundments (Eberhardt et al. 2011), combined with reduced reproduction and 
decreased offspring survival, could alter gene flow and potentially affect future 
population structure and genetic diversity of restricted F. heteroclitus.  
 
Fish reproduction is also influenced by biological cues and by physiological tradeoffs. 
Longer, more massive, and hence older fish are more likely to invest resources into 
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reproduction rather than growth or survival. The length and weight ranges of non-
gravid and gravid F. heteroclitus overlapped across all marsh types but restricted fish 
were slightly smaller than those in the other three marshes studied. Even so, our 
finding that fish length and weight influences gravidity was only true for the fish in 
the unrestricted marshes adjacent to restored sites and not in the other three marsh 
types, indicating that fish captured in restored, restricted, and reference marshes 
adjacent to restricted sites can produce eggs at a range of lengths and weights (60-
118mm; 2.7-24.9g; Tables 4-2, 4-4).  
 
Fish exhibit life-long tradeoffs between growth, reproduction, and survival (Jorgensen 
et al. 2006). Reductions in gravidity and fecundity occur when food consumption 
declines (Black et al. 1998) or when body condition is poor (Jorgensen et al. 2006) 
with fish forgoing ovulation and spawning while channeling energy to growth and 
survival. Reduced access to prey inhabiting the marsh surface can decrease weight 
gain and the growth rate of F. heteroclitus in comparison to those only having access 
to the creek bed (Weisberg and Lotrich 1982). Since fish differentially allocate finite 
resources to egg production, growth, and energy storage (Jorgensen et al. 2006), any 
reduction in access to the marsh surface may result in trade-offs detectable at the 
population level. While morphological indicators do not show a difference in length 
and weight of adult F. heteroclitus residing in invaded vs. uninvaded marshes, 
physiological indicators have shown reductions in energy reserves (Weinstein et al. 
2009; Dibble and Meyerson, in press), which could result in trade-offs to reproduction 
in these resident marsh fish.  
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Our results suggest that the proportion of gravid female fish is reduced in tidally 
restricted salt marshes relative to unrestricted habitats. Although our results are from 
samples taken during a single lunar period in a possible anomalous sampling year, we 
observed a similar pattern in the July 2010 field season, but did not include these data 
in this analysis due to small sample size. A broader study specifically designed to 
capture spawning in all lunar phases is needed to quantify reproductive output and 
spawning capacity in these salt marsh systems. Future research could be designed to 
assess the reproductive condition of sexually mature adults during peak spawning 
season (i.e., circulating sex steroids, gonatal size, hepatic size, yolk protein synthesis, 
etc.) in relation to total energy reserves, dietary consumption, spawning substrate, and 
environmental conditions in restricted and unrestricted marshes. Additional research 
could also investigate the end points of reproduction and development, including 
viability of eggs and sperm, embryo mortality, developmental defects, time to 
hatching, larval prey capture ability, startle response, neurotransmitter levels, genetic 
diversity, and many others (Burnett et al. 2007). Such studies would supplement 
existing knowledge of impacts to the larval, juvenile, and adult life history stages and 
provide a clearer picture of potential impacts to fish in tidally restricted marshes 
colonized by common reed. 
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TABLES: CHAPTER 4 
Table 4-1.  Mean water quality measurements (standard deviations in parentheses). 
Marsh Type Salinity Temperature Dissolved Oxygen n 
Reference (restricted) 25.9 (3.8) 24.7 (1.0) 7.4 (2.4) 12 
Restricted 10.8 (8.4) 26.1 (1.8) 7.3 (2.5) 12 
Reference (restored) 30.9 (1.3) 20.3 (2.9) 7.4 (2.0) 12 
Restored 30.9 (1.4) 22.4 (1.1) 6.2 (2.5) 12 
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Table 4-2.  Mean fish length, range (in parentheses), and sample size of female F. 
heteroclitus. 
Marsh Type Non-gravid Gravid 
Reference (restricted) 73.3mm (43-103), n=73 82.7mm (67-118), n=25 
Restricted 64.4mm (50-95), n=89 73.9mm (60-104), n=9 
Reference (restored) 69.1mm (41-102), n=74 77.3mm (63-103), n=24 
Restored 71.8mm (42-101), n=68 84.4mm (63-104), n=27 
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Table 4-3.  Logistic regression using fish length as a covariate [baseline 
group=reference (restored); x1=reference (restricted); x2=restored; x3=restricted; 
x4=fish length]. 
Parameter d.f. Estimate Standard Error 
Wald 95% 
Confidence Limits 
Wald Chi-
Square p-value 
Intercept 1 -4.9699 1.5804 -8.0675 -1.8723 9.89 0.0017 
x1 1 -0.5083 2.2220 -4.8633 3.8468 0.05 0.8191 
x2 1 -3.5463 2.5142 -8.4740 1.3814 1.99 0.1584 
x3 1 -2.4488 2.6673 -7.6767 2.7791 0.84 0.3586 
x4 1 0.0525 0.0208 0.0118 0.0932 6.38 0.0115 
x1x4 1 0.0043 0.0285 -0.0516 0.0602 0.02 0.8794 
x2x4 1 0.0448 0.0319 -0.0177 0.1074 1.97 0.1603 
x3x4 1 0.0225 0.0362 -0.0485 0.0935 0.39 0.5340 
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Table 4-4.  Mean fish wet mass, range (in parentheses), and sample size of female F. 
heteroclitus. 
Marsh Type Non-gravid Gravid 
Reference (restricted) 5.5g (0.9-16.7), n=73 8.3g (3.9-24.9), n=25 
Restricted 3.5g (1.2-12.5), n=89 5.0g (2.7-9.9), n=9 
Reference (restored) 4.6g (0.6-15.3), n=74 6.7g (3.3-14.9), n=24 
Restored 5.0g (0.9-13.7), n=68 8.4g (3.1-16.4), n=27 
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Table 4-5.  Logistic regression using fish wet mass as a covariate [baseline 
group=reference (restored); x1=reference (restricted); x2=restored; x3=restricted; 
x4=fish wet mass)]. 
Parameter d.f. Estimate Standard Error 
Wald 95% 
Confidence Limits 
Wald Chi-
Square p-value 
Intercept 1 -2.5351 0.5798 -3.6714 -1.3988 19.12 <.0001 
x1 1 0.3269 0.7650 -1.1725 1.8263 0.18 0.6692 
x2 1 -0.5297 0.8440 -2.1840 1.1246 0.39 0.5303 
x3 1 -0.7195 0.8915 -2.4668 1.0279 0.65 0.4197 
x4 1 0.2544 0.0899 0.0781 0.4307 8.00 0.0047 
x1x4 1 -0.0816 0.1109 -0.2990 0.1357 0.54 0.4617 
x2x4 1 0.0765 0.1221 -0.1628 0.3157 0.39 0.5309 
x3x4 1 -0.0192 0.1542 -0.3214 0.2831 0.02 0.9010 
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FIGURES: CHAPTER 4 
Figure 4-1.  Study site locations in New England.  
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Figure 4-2.  Proportion of gravid female fish in each marsh type, July 2011 (error bars: 
± standard deviation).  
 
 
 
 
